Hydrodynamics and Sediment Transport Studies in Tidal Marshes of the Delaware Bay using High Resolution Numerical Models by Stammermann, Ramona
 
 
 
 
Hydrodynamics and Sediment Transport Studies in Tidal Marshes of the Delaware 
Bay using High Resolution Numerical Models 
 
A Thesis 
Submitted to the Faculty 
of 
Drexel University 
by 
Ramona Stammermann 
in partial fulfillment of the 
requirements for the degree 
of 
Doctor of Philosophy 
June 2013 
 
 
ii 
  
 
iii 
Dedications 
 
This work is dedicated to my parents, Ursula and Heinz Stammermann. They always 
encouraged and supported me in my decisions, although it meant that I would be living 
far away on a different continent. 
Vielen Dank, Mama und Papa, ohne euch wäre all dies nicht möglich gewesen. 
  
 
iv 
Acknowledgements 
 
I would like to thank my advisor Dr. Michael Piasecki not only for his guidance and 
support throughout the work on this thesis, but also for giving me the opportunity to 
come to the USA in the first place. It was a great experience and changed my life in many 
positive ways. He also established the connection to the City College of New York, who 
let me use their super computer for my studies, for which I am very grateful. 
I also thank Dr. Richard Weggel, Dr. Franco Montalto, Dr. Chris Sommerfield, and Dr. 
Jerry Mead for agreeing to serve on my committee. Their expertise, guidance, and 
feedback were much appreciated for the improvement of my work. Furthermore, I would 
like to express my gratitude to Dr. Sommerfield for sharing essential data with me. 
I would like to thank Dr. Danielle Kreeger from the Partnership for the Delaware Estuary 
for helping me find the topic of my thesis and for her continuous encouragement and 
support. She also connected me to Dr. Robert Scarborough from the Delaware 
Department of Natural Resources and Environmental Control (DNREC) who played a 
major role in the success of my work. He and his coworkers provided me with all the data 
necessary to develop and run my numerical models and helped funding my work through 
a NOAA grant. Many thanks go to Mike Mensinger and Christina Pinkerton for hours of 
survey in the marshes, and to the whole DNREC team. 
I would like to thank my colleagues and friends at the Philadelphia Water Department for 
their support and encouragement. Especially Jim Smullen from CDM Smith for countless 
lessons in harmonic analysis and Phil Duzinski, who was there whenever I needed a 
helping hand with surveys, proof reading of papers, and general feedback on my work. 
 
v 
I thank my parents, family and friends for their encouragement and help. Even through 
the distance they were there for me whenever I needed them. I also thank Marina 
Puzakova, I couldn‟t have wished for a better friend to start a new part of my life in 
Philadelphia. 
Finally I would like to thank my husband Jim McCullough, having you by my side 
helped me through the difficult times and made the good times even better. 
 
Funding for this work was provided by the National Oceanic and Atmospheric 
Administration (NOAA), Grants No. NA11NOS4200066, and the Philadelphia Water 
Department, Office of Watersheds (Research Assistantship). This research was also 
supported, in part, by a grant of computer time from the City University of New York 
High Performance Computing Center under NSF Grants CNS-0855217, CNS-0958379 
and ACI-1126113. 
  
 
vi 
Table of Contents 
 
Dedications.......................................................................................................................... iii 
Acknowledgements ............................................................................................................. iv 
Table of Contents ................................................................................................................ vi 
List of Tables .......................................................................................................................x 
List of Figures ..................................................................................................................... xi 
Abstract ............................................................................................................................. xvi 
CHAPTER 1: INTRODUCTION ....................................................................................... 1 
1.1 Objectives .................................................................................................................. 4 
1.2 Organization of thesis................................................................................................ 5 
1.3 Background ............................................................................................................... 6 
1.3.1 Marsh development factors................................................................................. 6 
1.3.2 Wetlands in the Delaware Bay and Estuary ..................................................... 12 
1.3.3 State of the Delaware Estuary Tidal Marshes................................................... 14 
1.3.4 Study Area ........................................................................................................ 17 
1.4 Previous Marsh Research ........................................................................................ 20 
1.4.1 Field experiments.............................................................................................. 20 
1.4.2 Model Approaches ............................................................................................ 21 
1.4.3 Marsh research in the Delaware Bay ................................................................ 28 
 
vii 
CHAPTER 2: RESEARCH PLAN AND METHODS ..................................................... 35 
2.1 Research Plan .......................................................................................................... 35 
2.2 Methods ................................................................................................................... 37 
2.2.1 Numerical Model .............................................................................................. 37 
2.2.2 Mesh generation................................................................................................ 39 
2.2.3 Data sources and preparation ............................................................................ 40 
2.2.4 Field work ......................................................................................................... 46 
2.2.5 Run time scenarios............................................................................................ 51 
CHAPTER 3: GRID GENERATION............................................................................... 55 
3.1 The Digital Terrain Model (DTM) .......................................................................... 55 
3.1.1 LiDAR data for the Blackbird Creek Reserve .................................................. 55 
3.1.2 LiDAR data for the Bombay Hook National Wildlife Refuge ......................... 56 
3.2 Elevation Adjustments ............................................................................................ 58 
3.2.1 Bathymetry ....................................................................................................... 58 
3.2.2 Bare Ground Elevation ..................................................................................... 62 
3.3 Mesh generation ...................................................................................................... 66 
3.3.1 Model Domain .................................................................................................. 66 
3.3.2 Extraction of Tidal Channels ............................................................................ 68 
3.3.3 Mesh triangulation ............................................................................................ 72 
CHAPTER 4: NUMERICAL STUDIES .......................................................................... 74 
 
viii 
4.1 Model of the Delaware Estuary............................................................................... 74 
4.1.1 Grid ................................................................................................................... 76 
4.1.2 Boundary and Initial Conditions....................................................................... 79 
4.1.3 Results............................................................................................................... 84 
4.2 Hydrodynamic and preliminary Sediment Transport Studies Blackbird Creek...... 88 
4.2.1 Introduction....................................................................................................... 88 
4.2.2 Grid ................................................................................................................... 88 
4.2.3 Boundary and Initial Conditions....................................................................... 90 
4.2.4 Scenarios ........................................................................................................... 94 
4.2.5 Results............................................................................................................... 96 
4.2.5.1 Hydrodynamic results .................................................................................... 96 
4.2.5.2 Influence of Vegetation on sediment transport............................................ 110 
4.2.5.3 Preliminary sediment transport results ........................................................ 116 
4.3 Tracer Study Bombay Hook.................................................................................. 121 
4.3.1 Introduction..................................................................................................... 121 
4.3.2 Grid ................................................................................................................. 122 
4.3.3 Boundary and Initial Conditions..................................................................... 123 
4.3.4 Scenarios ......................................................................................................... 123 
4.3.5 Results............................................................................................................. 124 
4.3.5.1 Model validation .......................................................................................... 124 
 
ix 
4.3.5.2 Hydrodynamic changes due to alteration of channel geometry................... 126 
4.3.5.3 Tracer studies ............................................................................................... 128 
CHAPTER 5: DISCUSSION AND CONCLUSIONS ................................................... 133 
CHAPTER 6: SUMMARY............................................................................................. 141 
6.1 Summary ............................................................................................................... 141 
6.2 Future Outlook ...................................................................................................... 143 
LIST OF REFERENCES ................................................................................................ 146 
APPENDIX A: Model Evaluation Results MARINA....................................................... 161 
VITA ............................................................................................................................... 165 
 
  
 
x 
List of Tables 
Table 1: Estimated percentage of coastal wetland loss in the United States with sea level 
rise (Titus, 1991) ................................................................................................................. 3 
Table 2: Tidal Constituents and ratios modeled vs. observed for station BBC3 ............ 104 
Table 3: Tidal Constituents and ratios modeled vs. observed for station BBC1 ............ 106 
Table 4: Tidal constituents water level Observed vs. Model for Bombay Hook stations
......................................................................................................................................... 126 
 
  
 
xi 
List of Figures 
Figure 1: Conceptual model of principal factors governing marsh development (French, 
2006) ................................................................................................................................... 7 
Figure 2: Delaware Bay and Estuary (Adkins, 2008) ....................................................... 13 
Figure 3: a) marsh losses (1992-2001); b) loss of buffer lands (Adkins, 2008) ............... 16 
Figure 4: Left: Delaware Estuary, top right: Blackbird Creek, bottom right: Bombay 
Hook (GoogleMaps) ......................................................................................................... 19 
Figure 5: Marsh area lost to open water areas in Bombay Hook NWR (Carter, 2010)  .... 19 
Figure 6: Example grain size distribution curves ............................................................. 39 
Figure 7: NOAA/NOS/CO-OPS – Odin Map (NOAA, 2013b) ....................................... 42 
Figure 8: USGS NWIS Mapper - interactive map for access to USGS sites (USGS, 2013)
........................................................................................................................................... 43 
Figure 9: Sediment type polygons in the upper estuary (Sommerfield and Madsen, 2003) 
and data point locations in the lower estuary (Wilson and Madsen, 2007, Wilson and 
Madsen, 2006) in the Delaware Estuary ........................................................................... 45 
Figure 10: Detail of sediment type polygons in the Upper Delaware Estuary 
(Sommerfield and Madsen, 2003)..................................................................................... 45 
Figure 11: Bathymetry measurements with hand held sonar ............................................ 47 
Figure 12: Shallow water measurements with surveyor's staff ......................................... 48 
Figure 13: gauged water level on day of bathymetry survey ............................................ 48 
Figure 14: Measuring a vertical reference point using RTK and water depth .................. 49 
Figure 15: Determination of bathymetry in NAVD88 using RTK ................................... 49 
Figure 16: Tritech Digital Altimeter on 1 meter tri-hulled platform ................................ 51 
 
xii 
Figure 17: Scenarios for tracer study: 1. removal of northern channel; 2. Blockage 
locations ............................................................................................................................ 54 
Figure 18: Kent-New Castle (KNC) DTM Blackbird Creek Reserve .............................. 56 
Figure 19: DNREC DTM for Bombay Hook National Wildlife Refuge (left), and part of 
the Kent-New Castle DTM(right) ..................................................................................... 58 
Figure 20: Locations of field measurements for bathymetry in Blackbird Creek Reserve
........................................................................................................................................... 60 
Figure 21: Locations of field measurements for bathymetry in Bombay Hook National 
Wildlife Refuge................................................................................................................. 61 
Figure 22: Area overview ................................................................................................. 64 
Figure 23: Detail of KNC DTM after application of constant correction factor  .............. 64 
Figure 24: Detail of KNC DTM after elimination of false data points............................. 65 
Figure 25: difference plot (adjusted DTM 1adjusted DTM2) .......................................... 65 
Figure 26: SLAMM 1.5 m sea level rise flooding area (Scarborough and Carter, 2009)  67 
Figure 27: Landward limits of Bombay Hook model area (Google Earth)  ...................... 68 
Figure 28: Trapezoidal channel resolved by three elements............................................. 70 
Figure 29: Extraction of tidal channels ............................................................................. 70 
Figure 30: Extraction of deep channels from Google Earth ............................................. 71 
Figure 31: Mesh triangulation steps.................................................................................. 73 
Figure 32: Ekman Transport (NASA, 2013)..................................................................... 76 
Figure 33: Mesh of the Delaware Estuary model with and without continental shelf ...... 78 
Figure 34: Bathymetry for Estuary and Capes model....................................................... 78 
Figure 35: Roughness coefficient distribution in Estuary model...................................... 80 
 
xiii 
Figure 36: Roughness based on Upper and Lower Bay surveys ...................................... 82 
Figure 37: Water level at Brandywine Shoal Light (2003) – Model vs. Observed .......... 86 
Figure 38: Water level at Reedy Point (2003) – Model vs. Observed .............................. 86 
Figure 39: Water level at Brandywine Shoal Light (2009) – Model vs. Observed .......... 87 
Figure 40: Water level at Reedy Point (2009) – Model vs. Observed .............................. 87 
Figure 41: Final model mesh Blackbird Creek Reserve  (left: bathymetry/topography; 
right: mesh with forcing polygons) ................................................................................... 89 
Figure 42: tidal variability of high suspended sediment concentration Observed vs. Model
........................................................................................................................................... 93 
Figure 43: Model scenarios for low, medium and high SSC compared to observations .. 94 
Figure 44: Overview of survey stations in Blackbird Creek ............................................. 97 
Figure 45: observed water level 2008 vs. modeled water level 2008 (similar tidal period) 
at station BBC3 ................................................................................................................. 98 
Figure 46: observed velocity 2008 vs. modeled velocity 2008 (similar tidal period) at 
station BBC3 ..................................................................................................................... 99 
Figure 47: observed water level 2008 vs. modeled water level 2008 (similar tidal period) 
at station BBC1 ................................................................................................................. 99 
Figure 48: observed velocity 2008 vs. modeled velocity 2008 (similar tidal period) at 
station BBC1 ................................................................................................................... 100 
Figure 49: observed water level vs. modeled water level at station Taylors Bridge  ...... 101 
Figure 50: observed water level vs. modeled water level at station Blackbird Landing 101 
Figure 51: Tide curves for particular combinations of the M4/M2 amplitude ratio and  the 
2M2⁰-M4⁰ phase differences (Parker et al., 2007) ......................................................... 102 
 
xiv 
Figure 52: Observed water level vs. velocity 2008 at station BBC1 .............................. 107 
Figure 53: Tidal Constituents and ratios modeled vs. observed for stations Taylors Bridge 
and Blackbird Landing.................................................................................................... 108 
Figure 54: Erosion/Deposition without (top) and with (bottom) vegetation (early results)
......................................................................................................................................... 112 
Figure 55: Erosion/Deposition patterns without (top) and with (bottom) vegetation after 
model upgrade................................................................................................................. 113 
Figure 56: Current velocity locations ............................................................................. 115 
Figure 57: Current velocity with (top) and without (center) vegetation, water level (with 
vegetation)....................................................................................................................... 115 
Figure 58: Shear stress, SSC, and water level (for orientation only) during neap and 
spring tide at BBC1......................................................................................................... 117 
Figure 59 Shear stress, SSC, and water level (for orientation only) during neap and spring 
tide at BBC3.................................................................................................................... 118 
Figure 60: Tidal variability of sediment transport at BBC1 ........................................... 119 
Figure 61: Bottom elevation adjustment and slope of water level in channel bend during 
high and low tide............................................................................................................. 120 
Figure 62: Bottom elevation adjustment in depositional, neutral and erosive areas  ...... 121 
Figure 63: Final model mesh Bombay Hook National Wildlife Refuge (left: 
bathymetry/topography; right: mesh with forcing polygons) ......................................... 122 
Figure 64: Water level Observed (grey) vs. Model (black) ............................................ 125 
Figure 65: Current vectors in original condition............................................................. 127 
Figure 66: Current vectors without channel.................................................................... 127 
 
xv 
Figure 67: Scenario 1a – Tracer release inside mudflats – paths after seven tidal cycles
......................................................................................................................................... 130 
Figure 68: Scenario 1b – Tracer release in bay - paths after seven tidal cycles ............. 130 
Figure 69: Scenario 2 –Tracer paths for channel closure scenarios: a) Block 1, b) Block 2, 
c) Block 1-2..................................................................................................................... 132 
 
  
 
xvi 
Abstract 
Hydrodynamics and Sediment Transport Studies in Tidal Marshes of the Delaware Bay 
using High Resolution Numerical Models 
Ramona Stammermann 
 
 
 
 
This thesis presents the development work of high resolution 2-dimensional hydro- and 
morphodynamic numerical models of the Blackbird Creek and Bombay Hook marshes in 
the Delaware Bay. The goal was to assess the models ability of representing the complex 
marsh hydrodynamics, to study sediment transport in marshes and exchange processes 
between marshes and the adjacent bay and to better understand the sensitivity of these 
complex ecosystems to changes in the bay environment. 
A high resolution numerical mesh was required to resolve the complex marsh geometry 
in sufficient detail for the studies. An approach was chosen that mostly employed existing 
data and only a minimum of additional field surveys. Methods were developed to 
improve the accuracy of bare ground elevations on vegetated tidal flats and to prepare 
bathymetry data for tidal channels based on a small number of cross sectional 
measurements. 
The model system MARINA2D was tested and validated with the Delaware Bay Model 
Evaluation Environment from NOAA. Model results of water levels in marshes also 
showed good agreement with observed data for the Bombay Hook model, yet low water 
was under predicted in the Blackbird Creek model, likely as a result of higher vertical 
errors in its initial bathymetry and topography.  
 
xvii 
The Blackbird Creek model was used to assess the models‟ performance with respect to 
water levels and velocities. Analysis of the influence of vegetation on erosion and 
depositions patterns on tidal flats showed that in order to reproduce realistic conditions 
vegetation needed to be considered in the model forcing. Furthermore, for development 
of numerical models for marshes, additional modifications were required to correctly 
represent shallow flow conditions on tidal flats. Scenarios with high, medium, and low 
suspended sediment concentrations in the Delaware River identified the sensitivity of 
sediment budgets in the marsh to sources in the river. 
Tracer studies based on hydrodynamic simulations of the Bombay Hook marsh were 
performed to identify the system‟s sensitivity to changes in tidal channel geometry and to 
find the best location for a channel blockage to prevent sediment transport out of the 
marsh interior that increasingly suffers from losses. The results showed that the system 
reacts significantly to small changes in channel geometry. Analysis of three blockage 
scenarios provided enough information to reveal a possible solution for the marsh loss 
problem, highlighting the benefit of numerical studies as a tool for decision making in 
marsh management. 
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CHAPTER 1: INTRODUCTION 
 
Worldwide 5 to 8% (7 to 10 million km2) of the land surface is covered with wetlands; 
approximately 40 million ha in the USA (Mitsch and Gosselink, 2007). In the past 50 
years alone, the area of coastal and freshwater wetlands declined by about 9%. Most 
losses occurred due to agriculture, hydrologic modifications, seawall constructions, 
coastal development, pollution, construction of dams and roads, and river control 
(HeinzCenter, 2008). Coastal wetlands cover about 2 million ha of the USA, and are the 
predominant form in the Delaware Estuary.  
Prior to the 1970s marshes were often considered useless (Kolker et al., 2009) and were 
frequently drained and filled to gain land for agriculture and settlements. Before the 
1960s, research beyond the determination of flora and fauna was rare and even after a 
few decades of wetland research no single universally recognized definition existed 
(Mitsch and Gosselink, 2007). Since that time their value for the environment has been 
widely recognized. Since the 1990s research in a wide range of different areas has been 
under way (Kolker et al., 2009). Regulatory frameworks, such as the Ramsar Convention 
on wetlands from 1971 (http://www.ramsar.org), the US Federal Water Pollution Control 
Act of 1972 (http://www.epa.gov/lawsregs/laws/cwa.html), and the Clean Water Act of 
1977 (http://water.epa.gov/lawsregs/lawsguidance/cwa/wetlands/laws_index.cfm), reflect 
the recognition that wetlands provide important ecosystem services and resources for 
their adjacent water bodies, such as filtering harmful materials and providing a significant 
ecological resource for terrestrial and aquatic plants and animals. They also function as a 
 
2 
 
major coastal defense against flooding by sea and stabilize water supplies, thus 
ameliorate droughts and floods (Allen, 2000, Mitsch and Gosselink, 2007, Balletto et al., 
2005, Woolnough et al., 1995, French, 2006, Kolker et al., 2009). A study of King & 
Lester (1995) showed that they not only reduce destruction of coastal areas, but also keep 
costs for coastal structures low. 
In estuarine systems tidal wetlands are located adjacent to deepwater tidal habitats. They 
are usually semi enclosed with access to the open ocean or an open bay. From the mouth 
to the head of tide of an estuary a salinity gradient from saline ocean water to fresh water 
exists that determines the type of adjoining wetland. In marshes close to the mouth of an 
estuary high salinity tidal inflow from the ocean dominates, but is occasionally diluted by 
freshwater runoff from the land. Following, I will refer mainly to emergent wetlands in 
the estuary, the tidal marshes. They are characterized by herbaceous hydrophytes, that are 
present for most of the growing season (Cowardin et al., 1979). The vegetated platforms 
are located high in the tidal frame and dissected by dead-end channel networks 
(Woolnough et al., 1995). Marshes have a great geographical extent, no exact boundaries, 
and a wide variety of hydrologic conditions. An important controlling factor for marsh 
development is the hydro-period, the depth and time of inundation. It determines the type 
of marsh and its physiochemical environment, since different types of vegetation and 
animals prefer very specific marsh conditions. The existing vegetation cover, as well as 
the availability of sufficient sediment sources, controls the vertical accretion rates of 
marshes. If vertical marsh growth rates are lower than local rates of sea level rise, the 
hydro-period changes. Depending on the local conditions and the availability of upland 
space, marshes have the ability to migrate upland through a sequence of state changes. In 
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case of shorelines that are "hardened" by human development, such as bulkheads, 
marshes cannot move further landward and either adjust in marsh type or turn to open 
water and are lost when the differential rate is too high (Gardner et al., 1992, Mitsch and 
Gosselink, 2007, Mudd et al., 2010, Mudd et al., 2004, Mudd et al., 2009, Morris et al., 
2002, Kolker et al., 2009). A review on coastal wetland sustainability by the US Climate 
Change Science Program (Cahoon et al., 2009) confirmed that tidal wetlands already 
experience submergence by sea level rise and that an increase in tidal wetland acreage in 
the United States over the next 100 years is very unlikely. Table 1 shows the estimated 
losses of wetlands in the USA for different scenarios of sea level rise and protection 
levels of adjacent dry land (Titus, 1991). Presently at many sites along the US East Coast 
accretion rates are still similar to the rate of sea level rise (Ward et al., 2008). Increasing 
rates of sea level rates are expected for the near future. An assessment of the Mid-
Atlantic region projects that wetlands keeping pace with current rates of sea level rise 
would probably survive a moderate acceleration of 2mm/yr only under optimal hydrology 
and sediment supply conditions (Cahoon et al., 2009). 
 
 
 
Table 1: Estimated percentage of coastal wetland loss in the United States with sea level rise 
(Titus, 1991) 
0.5 m 1.0 m 2.0 m
If no shores are protected 17-43% 26-66% 29-76%
If densely developed dry land is protected 20-45% 29-69% 33-80%
If all dry land is protected 38-61% 50-82% 66-90%
Sea Level Rise
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In order to preserve, maintain, and even restore wetlands, a better understanding of the 
complex intertwined processes is necessary. Numerical models are a useful tool in 
learning more about these processes, and for planning of restoration efforts, yet high 
resolution numerical models of marshes are still rare.  
 
1.1 Objectives 
While Chapter 1.4 shows that a multitude of research is already under-way, high 
resolution numerical simulations of entire marsh systems are still rare, and no such model 
exists for marshes in the Delaware Estuary. The major challenge is still the lack of 
equally highly resolved data to steer numerical models as shown in Chapter 1.4.2 for 
existing approaches for 2D/3D numerical models (Woolnough et al., 1995, Arega and 
Sanders, 2004, Thompson et al., 2004). 
The objectives of the present research are: 
 To develop a high resolution 2-dimensional numerical model that can be used to 
perform hydrodynamic and morphodynamic simulations of marshes in the 
Delaware Estuary using data already available from different sources, therefore 
keeping additional monitoring efforts as low as possible 
 To assess the models‟ ability of accurately reproducing the complex 
hydrodynamics within a marsh system 
o accuracy of water levels and velocities 
o correct representation of tidal asymmetry, a major factor determining the 
net sediment transport  
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 To apply the models to: 
 Examine general sediment transport processes in marshes using sensitivity 
studies to show  
o the importance of vegetation on tidal marshes to reproduce realistic 
erosion/deposition patterns 
o the influence of suspended sediment concentrations in the Delaware 
River on sediment budgets in adjacent marshes in order to identify 
possible conditions in the Delaware River that would cause 
deterioration of adjacent marshes 
 Perform tracer studies to identify the best possible location of a channel 
blockage to prevent further sediment losses in the interior marshes of the 
Bombay Hook NWR  
The methods developed for model generation in this research can be applied for future 
studies and help develop and set up numerical models of other marshes more effectively.  
 
1.2 Organization of thesis 
Chapter 1.3 presents important factors for the development of marshes that are 
considered in the numerical approach, provides an overview over wetlands in the 
Delaware Bay in general and specifically the study areas. Chapter 1.4 summarizes 
existing marsh research in terms of field experiments and modeling approaches. In 
Chapter 2 the research plan and methods are presented. In Chapter 3 the grid generation 
process is explained in detail, including generation of Digital Terrain Models of the 
respective marsh areas, the results of elevation adjustments, and the mesh triangulation 
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process. Set up and results of the numerical studies are shown in Chapter 4 and discussed 
in Chapter 5. The thesis ends with a summary and future outlook in Chapter 6. 
 
1.3 Background 
1.3.1 Marsh development factors 
1.3.1.1 Influence of sediment budget on marsh elevation 
Sediments modify the physiochemical environment of marshes by changing the basin 
geometry due to erosion and deposition, and can lead to the transformation of whole 
ecosystems (Allen, 2000, Mitsch and Gosselink, 2007, D'Alpaos et al., 2006, Orson et al., 
1985). Sediment deposition on marsh platforms and erosion/deposition in channels affect 
the tidal prism. Therefore the hydrodynamics are affected by the structure and density of 
tidal channels and the vertical growth of the marsh (D'Alpaos et al., 2006, Redfield, 
1972). The accretion rate of marshes is partially controlled by the hydro-period, the 
concentration of suspended sediments in the water column, and the settling velocity of 
the respective particles (Murphy and Voulgaris, 2006, Gardner et al., 1992, Morris et al., 
2002, D'Alpaos et al., 2006, Allen, 2000). A range of anthropogenic activities in an 
estuary and its adjacent watershed can result in a modified sediment budget and transport 
behavior in the water body. An overview of the processes that control marsh elevation is 
given in Figure 1. 
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Figure 1: Conceptual model of principal factors governing marsh development (French, 
2006) 
 
 
 
Extreme storm events have great erosive potential, removing sediments from beach and 
near shore environments, and depositing it across nearby marshes (Donnelly et al., 2001a, 
Donnelly et al., 2001b, Dougherty et al., 2004, Kolker et al., 2009). While they can erode 
hundreds of meters of shoreline (Buynevich et al., 2004), e.g. the barrier beach at 
Brigantine, NJ, migrated 300-400 m since 1869 (Donnelly et al., 2004), storms are an 
integral part of sediment budgets for tidal marshes. When coinciding with large tidal 
prisms, such as during spring tides, maximum Total Suspended Solids (TSS) loads and an 
increased potential for sediment deposition on marshes are the result (Leonard et al., 
1995, Roman et al., 1997). According to a study by Kolker et al. (2009), both slowly 
rising sea levels and short term changes linked to wind driven meteorological patterns 
can have a considerable effect on sediment transport. 
An insufficient sediment supply can lead to the starvation of marshes. Without the 
replenishment from the adjacent water body, marshes are more prone to sediment losses 
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due to erosion and the probability of developing new marshland acreage is lower. 
Deterioration, a transition of marsh type or total losses can be the result. Inadequate 
sediment availability in combination with rising sea levels aggravates this problem 
(Adkins, 2008, Mudd et al., 2009, Orson and Howes, 1992), because wetlands with fewer 
sediment sources are less likely to adjust (Morris et al., 2002). One way to compensate 
for sediment losses is to subsidize marshes directly, e.g., by dispersing hydraulically 
dredged sediment with a high fluid to solids ratio. Sediment subsidy can improve marshes 
by increasing soil aeration, mineral matter content and available nutrients, and improves 
the growth of vegetation (Mendelssohn and Kuhn, 2003, Boorman et al., 2001). 
Anthropogenic influences have a major impact on sediment budgets. At the beginning of 
settlement, human actions lead mostly to increased sediment availability in the estuary 
due to land changes made to gain terrain for living and agriculture. Especially 
deforestation led to increased erosion rates during rain storms. Runoff delivered these 
sediments into adjacent rivers, from where it was transported downstream, deposited 
along the waterside, and so contributed to the formation of new marshland and the 
upkeep of existing marshlands (Ward et al., 2008). With increasing shipping activities, 
growing sizes of ships, and more sophisticated construction techniques, constructional 
changes could be made directly to the rivers. Upstream dams were built, interrupting the 
downstream sediment transport, and the bathymetry was adjusted to the needs of shipping 
by dredging. To prevent dredged material from returning to the dredged area and due to 
policies regarding the treatment of contaminated sediments, it is often taken out of the 
river system and deposited on confined disposal facilities (CDF). A combination of both 
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practices can lead to a negative budget in sediments (Velde and Church, 1999, Kraft et 
al., 1992, Orson et al., 1992).  
 
1.3.1.2 Influence of tidal asymmetry on sediment transport in marshes 
In deep water the speed of the crest and trough of a tidal wave is virtually the same, thus 
it has a symmetric sinusoidal shape. When the tidal wave enters shallow water, where the 
depths becomes small compared to the tidal amplitude, the crest during high water moves 
faster than the trough during low water which leads to a distortion of the tidal wave with 
a faster rise to high water and a slower fall to low water. Another factor is the increasing 
influence of bottom friction with decreasing water depths. Since bottom friction has a 
greater effect the shallower the water is it adds to the tidal asymmetry by slowing down 
the trough more than the crest. Energy loss due to friction is proportional to the square of 
the current speed. More energy is lost during maximum ebb and flood currents compared 
to slack tides, adding a symmetric effect. These nonlinear effects transfer energy from the 
semidiurnal lunar tide M2 into the overtides M4 (asymmetric) and M6 (symmetric). The 
M4/M2 and M6/M2 amplitude ratios in combination with respective phase differences 
(2M2-M4 and 3M2-M6) are used to describe the distortion. (Parker et al., 2007). The 
difference in magnitude and direction between ebb and flood tidal currents leads to a 
residual sediment transport, especially of suspended material (Blanton et al., 2002). The 
difference between maximum flood and ebb currents particularly effects coarse 
suspended material, while the difference between the slack water periods influences the 
residual flux of fine suspended material (Dronkers, 1986). Flood or ebb dominance is 
also dependent on the tidal regime. Systems with a greater tidal range are associated with 
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smaller marsh extent, higher marsh elevation, and shallower tidal channels that are flood 
dominated, while a smaller tidal range results in lower marsh elevation and ebb-
dominated deeper channels (Dronkers, 1986, Friedrichs, 2001, Blanton et al., 2002). 
 
1.3.1.3 Influence of vegetation on marsh elevation 
The key initial step in the development of marshes is the establishment of vegetation on 
tidal flats. Vegetation traps sediment and stabilizes the ground so that marshes can grow. 
Marsh vegetation only starts to appear when tidal flats have accreted high enough to 
establish a hydro period that allows for plant growth. At first annual species such as 
Spartina cover the pioneer zone. With increasing vertical accretion a wider range of 
species is able to colonize the middle and high marshes. Different classification schemes 
for marsh vegetation exist, and the composition of marsh vegetation communities plays 
an important role in the function of marshes. Studies have shown that marsh fluxes 
change with increasingly mature and complex marsh communities (Kolker et al., 2009). 
Changes and shifts of vegetation and species population have an impact on sedimentation 
behavior in marshes. Vegetation on marsh platforms considerably dampens the flow, thus 
leading to less erosion and higher accretion rates (Morris et al., 2002, Mudd et al., 2004, 
Church et al., 2006, D'Alpaos et al., 2006, Woolnough et al., 1995, Leonard and Luther, 
1995). The capability of plants to trap sediments was shown in field experiments, where 
considerably more sediment was trapped on fertilized and therefore denser vegetated 
patches (Morris et al., 2002, Mudd et al., 2010), and where a dense vegetation cover 
significantly decreased erosion caused by rainfall during low tide periods (Murphy and 
Voulgaris, 2006). Accordingly, the loss of vegetation increases the vulnerability of 
 
11 
 
marshes to erosion and might lead to their deterioration (Boorman et al., 2001, Bouma et 
al., 2005).  
Below and above ground biomass production play a key role in maintaining marsh 
surface elevations (D'Alpaos et al., 2006, Morris et al., 2002, Mudd et al., 2010, Mudd et 
al., 2009, Kolker et al., 2009). During periods of sediment deficits, adjustment of below-
ground plant biomass can help the marsh keep up with rising sea levels (Mudd et al., 
2009, Orson et al., 1992). Plant growth depends on the rate of sea level rise, sediment 
supply, tidal range, nutrient availability, and oxygen levels. Productivity mostly depends 
on marsh elevation relative to mean sea level because it determines flood frequency and 
soil salinity (Morris, 1995); for each marsh an optimum depth for maximum productivity 
exists. Vegetation varies spatially, with highest plants nearest to tidal creeks and 
declining in locations with constant inundation and irregular flooding. (Mudd et al., 
2004) 
Vegetated marshes also maintain a distinct community of organisms that influence the 
interplay of hydrodynamic conditions and sediment transport. Bioturbating benthic 
organisms can enhance the erodability of the mudflat by loosening the sediment, while 
biostabilizing organisms, such as algae and mussels, can enhance sediment stability by 
production of biofilms and formation of clusters that trap sediment (Morris et al., 2002, 
Bouma et al., 2005, Gardner et al., 1992).  
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1.3.2 Wetlands in the Delaware Bay and Estuary 
The Delaware Estuary is the flooded valley of the Delaware River and covers 17,680 
km2, slightly more than 50% of the whole Delaware River Basin. It reaches from the head 
of tide at the falls in Trenton, NJ, and Morrisville, PA, to the mouth of the Delaware Bay, 
located between Cape May, NJ, and Cape Henlopen, DE. Its tidal and non-tidal areas are 
divided into four sub watersheds: Schuylkill Valley, the Upper and Lower Estuary, and 
the Delaware Bay as shown in Figure 2 (Adkins, 2008). Most freshwater inflow comes 
from the Delaware River with an annual mean discharge of 332m3/s at Trenton, NJ, and 
the mean tidal range is 1.8 m. The estuary is vertically homogenous in its lower reaches 
during mean flow, i.e. the Bay is known to be weakly stratified during most of the year. 
Maximum salinity penetration reaches areas about 125 km from the mouth (Biggs et al., 
1983). Based on a survey spanning the time from 1965-1971, 48% of the total sediment 
load (about 1 to 2 x 109 kg/yr) into the estuary comes from the Delaware River main 
stem, 34% from Pennsylvania, and 18% in equal parts from Delaware and New Jersey 
tributaries (Mansue and Commings, 1974). Analysis of USGS stream flow data from 
1898 to 2007 showed that the Delaware River, Schuylkill and Brandywine 
Creek/Christina River together deliver about 80% of the annual suspended sediment load. 
Sediment loads vary from year to year, and climate extremes such as droughts and floods 
considerably alter the amount of sediments (Sommerfield and Wong, 2011). Studies of 
sediment budgets (Sommerfield and Wong, 2011, Sharp, 1983) and analysis of historic 
bathymetries (Walsh, 2004) show the significance of bed erosion from the tidal 
freshwater reach as a major sediment source. 
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Figure 2: Delaware Bay and Estuary (Adkins, 2008) 
 
 
 
The watershed of the Delaware Estuary is sociologically significant as it is home to 6.4 
million people and provides drinking water for a population of 22.7 million. Tidal 
marshes alone provide habitat for numerous species and are an important stop-over for 
migratory birds due to an abundance of horseshoe crabs (Titus and Kreeger, 2008). 
According to a bay-wide mark-recapture study the abundance estimate was 20 million 
horseshoe crabs (Cowardin et al., 1979), which are highly dependent on good beach 
conditions for reproduction (Titus and Kreeger, 2008). The Delaware Estuary 
accommodates more than 200 species of migrant and resident finfish and shellfish, and 
185 natural communities of plants that form 35 ecological classes throughout the 
watershed. Endangered and threatened species of turtles, freshwater mussels, and fish 
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find living space in the estuary; 35% of them are living in tidal wetlands, which make 
them particularly important (Adkins, 2008).  
 
1.3.3 State of the Delaware Estuary Tidal Marshes 
Tidal marshes are the most significant and characteristic habitat in the Delaware Bay and 
form an almost continuous fringe around the tidal system. The Delaware Estuary has one 
of the largest tidal freshwater prisms in the world, with a gradual transition from fresh 
water in the Delaware River to saltwater at the mouth. This allows for rare freshwater 
tidal wetlands, brackish marshes and salt marshes (Figure 3a) (Adkins, 2008). The 
fringing Delaware Estuary marshes are capable of trapping large amounts of tidally 
imported suspended sediments. A study by Scileppi (2004) suggests that the sedimentary 
environment of the lower estuary has been non-depositional during the past decades, but 
that large amounts of sediments were transported into the marsh systems. According to a 
bathymetry study by Walsh (2004), 55% of the annual sediment load that is delivered to 
the estuary accumulates on marshes, making the marsh system a terminal sink for eroded 
fine-grained material (Church et al., 2006). 
Tidal marsh wetlands (including salt, brackish and freshwater marsh) in the Delaware 
Estuary were three to four times wider 2000 to 3000 years ago. Since then local sea level 
has risen on average 0.12 cm/yr, accounting for considerable changes (Kraft et al., 1992). 
In the past 300 years human colonization and subsequent development of the Delaware 
River Basin caused additional alterations, such as vast hydraulic manipulations, including 
dredging, straightening, and damming (Kraft et al., 1992, Orson et al., 1992). Since then 
50% of wetlands have been lost, the main part in the urban corridor, where only about 5% 
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of pre-settlement acreage of valuable tidal freshwater marshes remain (Adkins, 2008). On 
a state level, 56% of marshes (mostly rare tidal freshwater marshes) were lost in 
Pennsylvania, 54% in Delaware and 39% in New Jersey (Mitsch and Gosselink, 2007). 
At present about 35% of the Delaware River Basin is developed. Between 1938 and 1975 
alone, 9% of tidal wetlands vanished, which coincides with widespread dredging, land 
filling and rapid hardening of the Delaware landward edge: the "Philadelphia to the Sea" 
project, a systematic dredging of a shipping channel and shoreline development to make 
the Delaware River navigable for larger vessels. More than 39 million m3 of material 
were removed from the estuary, and the substantial increase in tidal discharge to maintain 
continuity led to a significant change in tidal range (Walsh, 2004, Orson et al., 1992). 
Analysis of satellite imagery showed a dramatic decline of marshes between 1984 and 
1993 that is associated with diminishing riverine sediment influx. As a result the area of 
marshes classified as degraded more than doubled from 25% to 54%. Degraded marshes 
were denoted by thinning vegetation, uneven or mottled tonal characteristics of the 
vegetation, less distinct tidal-creek banks, and the appearance of rotten spots and interior 
ponds (Kearney et al., 2002). In the last decade the acreage of tidal marshes dropped by 
another 12%. An overview of the losses dependent on marsh type and region is given in 
Figure 3a. The loss of buffer lands, that provide room for marsh migration, might 
contribute to further losses in the future due to sea level rise associated with climate 
change (Kraft et al., 1992, Walsh, 2004). A considerable percentage of land along a one 
kilometer wide stretch of the estuary landward of the marshes is already unavailable for 
marsh encroachment due to agricultural, residential, and infrastructure development 
(Figure 3b). According to the State of the Delaware Estuary report declining populations 
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of sediment stabilizing mussels and changing vegetation covers also make shorelines 
more vulnerable to erosion due to wave energy (Adkins, 2008). 
 
 
 
 
Figure 3: a) marsh losses (1992-2001); b) loss of buffer lands (Adkins, 2008) 
 
 
 
Many tidal wetlands in the Delaware Bay are located behind sandy beaches. While they 
currently have enough sand to protect the marshes immediately inland from wave action, 
some beaches may not be able to survive accelerated sea level rise unless artificial 
measures are taken to preserve them (Titus and Kreeger, 2008). A number of different 
policies concerning adaption to sea level rise were developed by the states along the 
Delaware Estuary. These include policies related to the Coastal Facility Review Act 
(CAFRA), state laws regarding further development and preservation of marshes, and 
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public access regulations. Pennsylvania's sensitivity to sea level rise is different than 
other states. It is the only state along tidal water without an ocean coast; therefore floods 
in the tidal Delaware River are as likely caused by extreme rainfall over the watershed as 
by storm surges. (Cahoon et al., 2009) 
Furthermore, the indigenous marsh vegetation is threatened by the highly invasive 
Phragmites australis (Common Reed), which arrived in the second half of the 20th 
Century (Teal and Peterson, 2005, Philipp and Field, 2005) .  
 
1.3.4 Study Area 
Two marsh systems on the Western shore of the Delaware Bay were chosen for the 
present study; the Blackbird Creek Reserve and the Bombay Hook National Wildlife 
Refuge (NWR) in Delaware (see Figure 4). 
The Blackbird Creek Reserve is part of the Delaware National Estuarine Research 
Reserve (DNERR), a cooperative program between the Delaware Department of National 
Resources and Environmental Control (DNREC) and the National Oceanic and 
Atmospheric Administration (NOAA). As such, it supports research, monitoring, and 
field studies, therefore offering an already reasonably sized in-situ data set and technical 
assistance for additional measurement campaigns as needed. It consists of freshwater 
tidal and non-tidal wetlands and brackish-water marshes along a 9.2 km tidal creek 
system and spans about 477 hectares. The predominant wetland plants are saltmarsh 
cordgrass (S. alterniflora) and common reed (Phragmites australis) (DNREC, 2013a). 
The marshes in the Blackbird Creek Reserve show first signs of marsh loss. Aerial 
photographs taken over time show that the creek has grown wider and areas of marsh 
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grass have been replaced by open water. (Valencik, 2010). This area was primarily used 
for developing the methods utilized to create the numerical model, to compare model 
results to existing velocity measurements, and to perform sensitivity studies with respect 
to vegetation and suspended sediment availability in the Delaware River. 
The Bombay Hook NWR covers 6600 hectares along a 13 km stretch of the Delaware 
Bay and is particularly known for its abundance of migratory birds. Four-fifths of the 
refuge is tidal salt marsh with a mix of cordgrass meadows, mud flats, tidal pools, rivers, 
creeks, and tidal streams (FWS, 2013). Some marshes in the Bombay Hook National 
Wildlife Refuge in Delaware already exhibit significant losses due to coastal inundation. 
It is estimated that since 1979 this system has lost about 12% of its wetland area (see 
Figure 5) (Valencik, 2010, Carter, 2010). Presently, DNREC is considering closing off 
certain channels to stabilize the transport of sediment out of these marshes to prevent 
further losses. Blocking channels without further studies in such a complicated system 
can have unexpected and unwanted effects. Numerical modeling of these scenarios offers 
the chance of analyzing possible implications before implementation. Respective 
blockages can be introduced into the model geometry with little effort and several 
scenarios can be analyzed. The Bombay Hook case is a good candidate for such a 
practical application of the numerical model.  
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Figure 4: Left: Delaware Estuary, top right: Blackbird Creek, bottom right: Bombay Hook 
(GoogleMaps) 
 
 
Figure 5: Marsh area lost to open water areas  in Bombay Hook NWR (Carter, 2010) 
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1.4 Previous Marsh Research 
Research on marshes was conducted in many different ways. Approaches range from 
gathering and interpreting information from field surveys, over physical laboratory 
experiments, to mathematical, analytical, and numerical models. Early studies focused 
mainly on inventories of plant and animal species, but wetlands are controlled by a 
variety of physical, biological, and chemical processes and functions that need to be 
understood in order to preserve and maintain marshes.  
 
1.4.1 Field experiments 
Field studies have been widely used to study the spatial structure of marshes in terms of 
vegetation, tidal channel systems and sedimentation patterns (Marani et al., 2003, van 
Proosdij et al., 2006, Fagherazzi et al., 2012). Sediment cores taken in marshes were used 
to determine historical accretion rates and changes in sea level over centuries (Kraft et al., 
1992, Orson et al., 1992, Allen, 2000, Goodman et al., 2007, Ward et al., 2008, Miller et 
al., 2009). Measurements of recent accretion rates formed the base to study a variety of 
processes in wetlands besides the rate itself. Taken on areas with different vegetation 
covers, the accretion rate confirmed the positive effect of vegetation on sedimentation 
processes (Silva et al., 2009, Mudd et al., 2010). Comparisons with weather data 
identified the role of rainfall and seasonality on sediment distribution (Mwamba and 
Torres, 2002, Murphy and Voulgaris, 2006, Voulgaris and Meyers, 2004, Andersen et al., 
2005). Some field studies were conducted in combination with laboratory studies, e.g., to 
study effects of water levels and sedimentation rates (Boorman et al., 2001) or herbicides 
(Mason et al., 2003) on plant growth, which in turn is an influencing factor on erosion 
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and deposition of sediments. Satellite images are a tool to assess short term changes in 
marshes. Kearney (2002) used a spectral mixing model based on Landsat Thematic 
Mapper imagery to determine marsh changes in the Delaware and Chesapeake Bays, 
revealing substantial losses during the past decades. A range of laboratory studies was 
used by Nepf (1999), Nepf et al. (1997a, 1997b), and Tanino and Nepf (2009, 2008b, 
2008a) to study the interaction between flow and emergent vegetation. Based on these 
findings models for drag, turbulence, and diffusion were developed. 
Extensive field measurements and generation of respective databases help identifying 
general relationships between hydrodynamics, sediment transport, and biological activity 
for habitat characterizations. The disadvantage of field studies is that they are often time 
and cost intensive while mostly producing results with low spatial resolution and 
insufficient records in terms of extreme events (Bouma et al., 2005). Increasing 
capabilities of numerical models of marshes make studies on increasing time and spatial 
scales possible. 
 
1.4.2 Model Approaches 
A variety of marsh development models have been developed in the past as a tool to close 
knowledge gaps. First conceptual models date back as far as the beginning of the 20th 
Century, such as the Yapp-Johns model that included concepts for vertical platform 
growth rate, channel formation, erosion and deposition patterns influenced by vegetation 
(Yapp, 1922, Yapp et al., 1916, Yapp et al., 1917). The Beeftink-Rozuma model 
(Beeftink, 1966, Beeftink and Rozema, 1988) and the French-Stoddart model (French, 
1993a, French and Stoddart, 1992) provided an approach for the gradual transition of 
 
22 
 
non-vegetated tidal marshes to marshes dissected by tidal channels through sediment 
build up and plant colonization. While the aforementioned models only examine cross-
profiles, the Pethick-Steel-Pye model emphasizes the planimetric tidal channel 
development in marshes (Pethick, 1969, Steel and Pye, 1997). Allen (2000) described a 
conceptual morphostratigraphic model for the evolution of established coastal marshes in 
response to changing relative sea level or sediment supply. Field evidence gathered in 
marshes of the Severn Estuary supported the model (Allen, 2000). 
Models range from zero and one-dimensional (0D/1D) to highly spatially resolved two 
and three-dimensional (2D/3D) models that simulate surface or groundwater flow, 
include horizontal sediment transport and vertical accretion, consider the effects of and 
the impact on vegetation and predict water quality. Various combinations of coupling 
between these model types are feasible as the following sections show.  
The advantage of 0D and 1D models is the ability to simulate very long time periods due 
to their low computational effort. Development and vertical accretion of marshes happen 
on a relatively long time scale, ranging from decades to centuries or even millennia. 
Therefore this type of model is an excellent tool to study the general long term behavior 
of marshes. The disadvantage though is the lack of spatial variability. 
In contrast, 2D and 3D models offer the potential of high resolution in space and time. 
The difficulty is to obtain equally high resolved initial and boundary conditions. 
Wetlands cover wide areas which are seldom monitored in detail. Aerial LiDAR data can 
give very detailed information about the topography, but vegetation cover and the 
incapability of LiDAR to penetrate water in turbid tidal channels lead to significant errors 
of topographic heights and bathymetric depths. Adjustment of the data is often associated 
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with much effort and respective tools are not yet available. Research is in progress on 
how to interpret LiDAR and other remote sensing data in terms of vegetation 
classification (Rosso et al., 2006, Huang et al., 2009, Collin et al., 2010), to find 
waterlines and tidal channels in flooded vegetation (Horritt et al., 2003, Mason et al., 
2006), and to separate ground and low vegetation cover (Wang et al., 2009). 
High resolution numerical models can be valuable tools for the maintenance of wetlands. 
Planned alterations in an effort to repair or maintain marshes can be tested for their 
effectiveness before implementation. They also permit further insight into the processes 
that control marshes. While field surveys are often restricted to a low spatial resolution, 
numerical models allow for analysis in more spatial detail, depending on the resolution of 
the model. This in turn aids in detecting possible future hazards at an early stage and 
taking respective preventive measures. The goal therefore is to develop more refined 
predictive numerical models, incorporating to the best possible level the formation and 
composition of tidal marshes, tidal channel evolution, marsh hydrology, marsh surface 
elevation change, sediment transport, and water quality. A variety of 2D and 3D models 
already exist that are able to simulate one or more of the aforementioned processes. 
 
0D - Models 
Allen (1990), French (2006, 1993b) and Temmermann et al.(2003, 2004) developed 0D-
models to determine the vertical growth of marsh platforms. One single point can 
represent a large portion or even the whole marsh. The prediction time scale ranges from 
102 to 103 years. These 0D approaches are based on predicting the rate of change in 
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elevation by taking the mineral and organic sediment deposition and the compaction of 
the deposited sediment into account. The approaches of French (1993b) and Allen (1990) 
with constant sediment concentration resulted in vertical growth rates smaller than the 
anticipated rise in sea level. The more recent approach of Temmermann et al. (2003, 
2004) incorporated sediment concentration as a function of time and water level, 
resulting in an up-keep of platform growth with rising sea levels, and therefore 
demonstrated the importance of the influence of sediment supply and variation in time. 
Thus, 0D models, although not providing detailed data of an area of interest, can be 
valuable to identify general dependencies. Solving a 0D model for several locations in a 
marsh can provide a rough overview over the spatial variability, but detailed input data is 
necessary for each site (Temmerman et al., 2004).  
To study the sediment deficit in the Venice Lagoon, Cappucci et al.(2004) developed the 
Simulation of Littoral Morphodynamics model (SLIM), a three-element box model that 
calculates the benthic fluxes between the lagoon water column, channels and tidal flats. It 
revealed that marsh evolution is balanced between wave erosion during Bora events 
(strong northern wind in the Adriatic) and tidal sedimentation during good weather.  
Mudd et al.(2009) presented an analytical and numerical model to predict salt marsh 
sedimentation that includes inorganic and above- and below-ground organic processes. It 
was used to study carbon accumulation and showed that changing sediment supply to 
estuaries can have a significant effect on carbon budgets of coastal salt marshes. 
Furthermore, a model of particle capture rates as a function of biomass on vegetated salt 
marshes was developed to examine the reason for increased sedimentation, resulting in 
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higher settling rates due to reduced turbulent kinetic energy by vegetation (Mudd et al., 
2010). 
 
1D - Models 
Montalto et al.(2007) developed a 1D analytical model to predict the spatial and temporal 
water table fluctuations in an irregular flooded marsh bounded by two creeks. The results 
are generated on 1D-transects to the tidal creek, and were in good general agreement with 
observations and predictions. The computational effort is still low; therefore long term 
simulations are feasible.  
D'Alpaos et al.(2006) developed a 1D model for tidal channel cross sectional evolution 
taking into account the effect of vegetation on flow resistance and sedimentation rates. It 
revealed that reduced hydro-periods result in an infilling of tidal channels, while 
vegetation encroachment influences the channel shape.  
Another 1D predictive model of marsh morphologic and ecologic dynamic evolution that 
includes above-ground biomass production was developed by Mudd et al. (2004) to 
explore the interaction between hydrodynamics, sedimentation, and plant community 
evolution on a salt marsh. It showed that the type of deposition, organogenic or sediment 
trapping, influences the shape and the ability of marshes to adjust to rising sea levels. 
 
 
 
 
26 
 
2D/3D - Models 
Woolnough et al.(1995) developed an exploratory numerical model of sediment transport 
and deposition on an idealized tidal salt marsh. This model was used to identify the 
spatial variation of sediment deposition rates and grain size in relation to the effective 
sediment source. Hence, it provides general relationships, but with its simplifications, it is 
not yet a realistic representation of sediment processes on a real marsh. 
Hardy et al.(2000) presented a numerical model for predicting floodplain sediment 
deposition resulting from out-of-bank flow in natural channels. They used the 2D 
hydrodynamic FEM model system Telemac2D coupled with the transport model 
SUBIEF. It included wetting and drying and therefore could handle a dynamically 
moving inundation front on a complex topography. The model was tested on the River 
Calm, Devon, UK, that for the majority of time is concentrated in a wide meandering 
gravel bed river and where flooding of the adjacent floodplains only occurs above certain 
flow rates. The results showed that the 2D approach was sufficient to predict sediment 
depositions that were realistic in pattern and absolute magnitude, and could therefore be 
used for respective studies in marshes, given that sufficient initial and boundary data is 
available. 
The California Tidal Wetlands Modeling System (CalTWiMS) (Arega and Sanders, 
2004) was used for dye dispersion studies in tidal wetlands. It consists of 2D 
hydrodynamic and solute transport models combined with a quasi 3D particle transport 
model that considers turbulence effects. They showed that dispersion can be accurately 
modeled using physically meaningful mixing coefficients. The model grid contained edge 
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lengths as small as 3-4m to represent the small spatial scales of wetlands. Therefore, the 
computational effort was very high and run-times respectively long. 
Weishar et al.(2005a) used a two-dimensional approach to design marsh channels for 
marsh restoration. Another approach to study landscape evolution as interplay of erosion, 
sedimentation, and vegetation dynamics was developed by D‟Alpaos et al.(2007, 2006). 
They used a 2D shallow water, depth-integrated morphodynamic model able to simulate 
the long-term evolution of intertidal areas and channel networks. The hydro and 
morphodynamics are coupled dynamically, so that the change in bathymetry affects the 
flow field and vice versa. The influence of vegetation on sediment trapping and biomass 
is parameterized based on the marsh elevation and the minimum and maximum 
elevations certain plants need to grow. A number of numerical experiments were 
conducted with this model to analyze the influence of the initial configuration of marsh 
surface elevations, the magnitude of suspended sediment concentration available, the 
parameterization of vegetation growth on the marsh surface, and relative mean sea level 
variations, providing insights into tidal channel and marsh morphology and evolution. 
Besides surface water models, some approaches focus on groundwater flow through 
marshes. MIKE SHE, a modeling system for hydrology (Refsgaard and Storm, 1995), 
was used to analyze different hydrological situations. It was coupled with MIKE 11, a 1D 
river flow hydraulic model, to obtain better river flow input for the groundwater model. 
Other coupling approaches include studies with MIKE SHE and MIKE 21, a 2D 
hydrodynamic model including sediment transport and eutrophication (DHI, 1995), and 
with the DAISY model (Hansen et al., 1991) that provided vegetation parameters to 
calculate actual evapotranspiration with SHE. The problem in this case was that to 
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successfully run the model system a vast amount of input data is necessary that has to be 
obtained by detailed field measurements for the marsh of interest (Thompson et al., 
2004). 
Fan et al.(2008) used the commercial computational fluid dynamic (CFD) code Fluent 
6.22 (Fluent Inc., USA) to study subsurface flow in wetlands with regard to the hydraulic 
efficiency dependent on the wetland configuration. A simplified conceptual model of the 
marsh was built, which was represented by two vertical layers of porous media. By 
varying the location of the inlet, the inlet velocity, and the properties of the constructed 
media, they drew conclusions on the effect of different configurations on the flow. This 
approach was an alternative for time-consuming and expensive physical tracer 
experiments performed in wetlands, and emphasizes yet again the benefit of models. 
 
1.4.3 Marsh research in the Delaware Bay 
Today the Delaware Bay wetlands have been recognized as highly valuable, which in 
turn has spawned a rich research environment that is geared towards the conservation and 
restoration of ecosystems in the Delaware Estuary. Nonprofit organizations, such as the 
Partnership for the Delaware Estuary (www.delawareestuary.org), are working together 
with regulatory partners in three states to increase awareness, understanding, and 
scientific knowledge. These include the US Environment Protection Agency (EPA), 
NOAA including National Ocean Service (NOS), U.S. Geological Survey (USGS), U.S. 
Army Corps of Engineers, the Delaware River Basin Commission (DRBC), Philadelphia 
Water Department, the Delaware Department of Natural Resources and Environmental 
Control (DNREC), the Delaware National Estuarine Research Reserve (DNERR), The 
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Nature Conservancy, and the National Fish and Wildlife Foundation, to name just a few. 
Several academic institutions are also conducting research on the Delaware estuary, 
amongst others the University of Delaware, Rutgers University, the University of 
Pennsylvania, Drexel University including the Academy of Natural Sciences, the 
University of Maryland, and the University of North Carolina.  
While the range of past and ongoing projects is quite extensive, spanning hydrology, 
ecology, and the marine sciences with all their flavors and interests in specific sub-
disciplines, notable projects and efforts, the focus here is on sediment, sea level rise, and 
vegetation. In 1983 a report for the Delaware River and Bay Authority presented the 
"State of the Delaware Estuary" report. It encompassed the hydrography, chemistry, and 
biology of the estuary and addressed potential roles for the Delaware River and Bay 
Authority on management of the Delaware Estuary(Sharp, 1983). The Public Service 
Enterprise Group (PSEG) established the Estuary Enhancement Program (EEP) to 
preserve a minimum of 4050 ha of wetlands and upper buffers in 2005, with the aim to 
obtain a discharge permit for the Salem, NJ, Generating Station. It consisted of a variety 
of projects spanning restoration design and management (Weishar et al., 2005b, Teal and 
Peterson, 2005, Teal and Weishar, 2005, Teal and Weishar, 1998, Philipp, 2005), a study 
of Phragmites a. expansion (Philipp and Field, 2005), and the response of fish to the 
restoration efforts (Nemerson and Able, 2005). DNREC‟s Delaware Wetlands 
Conservation Strategy guides the improvement of Delaware‟s wetland resources through 
increased agency coordination, data availability, education, monitoring, and restoration 
efforts. They are conducting detailed assessments and inventories of marshes and 
wetlands in Delaware (Jacobs et al., 2009, Rogerson et al., 2009, Rogerson et al., 2010). 
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The Partnership for the Delaware Estuary conducts a variety of science projects, 
including the Delaware Estuary Benthic Inventory (DEBI), the Delaware Estuary Living 
Shoreline Initiative (DELSI) and the Freshwater Mussel Restoration Program (FMRP) 
(http://www.delawareestuary.org). 
In terms of sedimentation several studies exist concerning varying time scales. Basin 
wide sediment distribution and accumulation during Holocene times was studied using 
seismic reflection records and vibracores (Fletcher et al., 1992). Cores were taken in 
Woodbury Creek marsh and analyzed for marsh surface variation, vegetation zonation, 
morphology, and topography. Average accretion rates were 0.04 cm/yr from non-tidal 
sediments in pre-colonial times, 0.12 cm/yr from colonial times to early 1900's, and 
reached 1.2 cm/yr with the introduction of tides after dam removal in 1940 (Orson et al., 
1992). More recent accumulation rates were determined using cores along the Delaware 
Estuary marsh fringe showing a wide variability of accumulation rates depending on the 
location of the respective marsh, ranging from as low as 0.2 cm/yr to an extreme of 1.91 
cm/yr with an average of 0.42 cm/yr over the past 150 years and 0.57 cm/yr over the past 
50 yrs. An acceleration of coastal erosion was observed between 1920 and 1991, and the 
study revealed that several Delaware Estuary marshes are at high risk to further 
deteriorate if no measures are taken to protect them (Kraft et al., 1992). This was 
confirmed by a case study for Delaware based on digital elevation models, predicting a 
loss of 1.6% of its land area and 21% of its wetlands by the end of the 21st century. 
Currently only 1% of the area adjacent to the affected wetlands is developed, thus 
horizontal migration may be possible in the future if further urbanization is controlled 
(Najjar et al., 2000). In general, most marshes are currently accumulating at rates of local 
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sea level rise (Church et al., 2006). The results of sea level studies from cores have to be 
interpreted carefully though, because physical and biological (bioturbation) reworking 
within the mixed layer can falsify results. It can bring recently deposited material into 
deeper layers, so that accretion rates appear higher than they actually are (Church et al., 
2006). A respective study by Leorri et al. (2009) observed burial rates of beads over 7 
years in low, intermediate and high marshes. The result was that intermediate and high 
marshes are suitable for high-resolution sea level reconstructions because of a relatively 
thin mixing layer, meaning that sediment accretion rates are less falsified by physical and 
biological processes that mix newly accreted material into deeper layers. Accretion rates 
determined from cores in these areas are more likely to represent actual values, thus 
leading to a better predictability of upkeep of marsh accumulation with sea level rise. 
An important factor influencing sedimentation in marshes is a sufficient sediment source 
in the adjacent bay. Extensive sediment inventories have been made since the 1970s, 
including the determination of suspended loads from the tributaries (Mansue and 
Commings, 1974, Biggs et al., 1983), bottom sediment distribution (Biggs et al., 1983, 
Sommerfield and Madsen, 2003, Walsh, 2004, Wilson and Madsen, 2006), and 
investigations of the dynamics in the Delaware Bay turbidity maximum (Sommerfield 
and Wong, 2011, Church et al., 2006, Cook et al., 2007). It is assumed that presently 
more sediment is removed from the Delaware Estuary system by maintenance dredging 
than can be replenished by sediment transport from upstream tributaries. Deepening of 
the main navigational channel in the Delaware Bay might have had an impact on 
sediment transport patterns in the whole system, but respective studies do not exist. A 3D 
numerical model study on the impacts of the channel deepening was conducted, but 
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mainly in terms of influences on water levels, currents, and salinity (Kim and Johnson, 
1998). The Regional Sediment Management Workgroup is currently developing a 
Regional Sediment Management Plan for the Delaware Estuary that addresses the 
economic benefits and long-term needs of sediment quality, sediment quantity, dredged 
material management, and beneficial use in the Delaware Estuary. It consists of 15 
agencies led by the US Army Corps of Engineers (USACE, 2013).  
In recent years Moskalski and Sommerfield conducted research regarding influencing 
factors on water properties in the St. Jones River National Estuarine Research Reserve, a 
sub-estuary of the Delaware Bay. Cross correlation of properties, such as turbidity and 
salinity, with water levels, freshwater discharge, and storms resulted in patterns of long-
term seasonal variability. Turbidity in particular showed a strong response to neap-spring 
cycles and the occurrence of sub-tidal signals due to offshore storms (Moskalski et al., 
2011). Of those, Northeaster storms cause the majority of water level and turbidity peaks 
in the Delaware Bay (Moskalski and Sommerfield, in press). Additionally, a field study 
was performed to study the efficiency of suspended sediment deposition and trapping on 
a St. Jones river salt marsh. Observations were made on five transects perpendicular to 
the main channel, and the influence of suspended sediment concentration (SSC), settling 
velocity, hydro-period, and vegetation density on deposition and trapping was analyzed. 
Deposition and trapping rates decreased with distance from tidal channels, mainly 
controlled by SSC and settling velocities, but also influenced by flocculation of clay 
particles. A direct relationship between hydro-period and sediment deposition was not 
confirmed by this study (Moskalski and Sommerfield, 2012). The findings of this 
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research were of particular interest for this thesis, due to its proximity and similarity to 
the study areas.  
The Partnership for the Delaware Estuary regularly assesses the status and needs of 
science in the Delaware Estuary in a White Paper based on proceedings of the Delaware 
Estuary Science Conferences (Kreeger et al., 2006). These conferences and subsequent 
White Papers are an important guidance mechanism on the research needs of the Bay and 
clearly show that the interplay of all processes and functions in wetlands are far from 
understood, requiring more research especially for the area of the fringe marshes. It was 
concluded that predictive modeling of future changes in sea level, salinity, temperature, 
sediment transports, water quality, and shifting ranges of plant and animal communities is 
a tool of great importance to better understand both the processes governing the marsh 
ecosystem health and also the impact of predicted future changes of the environment. 
Previous model efforts often concentrated on modeling the Delaware River and Bay, such 
as three-dimensional hydrodynamic models to study the dynamics of the Delaware Bay 
and River (Walters, 1997, Whitney and Garvine, 2006, Tilburg et al., 2007). Three-
dimensional numerical hydrodynamic models have also been applied to assess the impact 
of channel deepening in the Delaware River and Delaware Bay and sea level rise on 
salinity intrusion and circulation (DiLorenzo et al., 1993, Kim and Johnson, 1994, Kim 
and Johnson, 1998, Kim et al., 1994, Kim and Johnson, 2007, Johnson, 2010). Çelebioğlu 
(2006) used a three-dimensional hydro- and morphodynamic numerical model to study 
hydrodynamic processes influencing the salinity intrusion and sediment transport patterns 
in the Delaware Estuary. Numerical simulations have been conducted to study the 
distribution of larvae in the Delaware Bay (Petrone et al., 2005, Tilburg et al., 2006, 
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Tilburg et al., 2005). Only few examples exist for hydro- and morpho-dynamic numerical 
studies in marshes. For marsh restoration Weishar et al. (2005a) developed a two-
dimensional hydrodynamic numerical model to design marsh channels that would not 
erode, would have typical channel cross-sections, and would have a hydro-period on the 
marsh plain to allow growth of the desired species. Schwimmer and Pizzuto (2000) 
proposed a model for the response of a marsh shoreline depending upon the relative rates 
of marsh and lagoonal processes in Rehoboth Bay, Delaware. 
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CHAPTER 2: RESEARCH PLAN AND METHODS 
 
2.1 Research Plan 
To meet the objectives presented in Chapter 1.1 it was essential to choose a numerical 
model capable of reproducing the needed physical processes while providing 
computational efficiency. A high resolution numerical mesh is necessary to achieve the 
best possible representation of a marsh system with its intricate system of tidal channels. 
The large numbers of elements and the small scale needed to resolve small channels lead 
to a high computational demand. Therefore a 2-dimensional approach was selected over a 
3-dimensional model to achieve higher model efficiency while at the same time 
minimizing loss in accuracy. These accuracy losses especially manifest themselves in 
narrow bends as sediment transport is clearly affected by 3-dimensional processes, such 
as the secondary current profile typically exhibited in bends. The model of choice 
consequently must offer a quasi 3D solution to take these effects into account. The marsh 
geometry shows a high degree of complexity which is best resolved by unstructured 
(triangular) model meshes. The marshes in the Delaware Bay are influenced by tides and 
are inundated regularly. Hence, a suitable wetting and drying scheme is needed as well. 
To simulate sediment transport, a morphodynamic module is required that couples 
directly with the hydrodynamic component. Because changes in bathymetry with erosion 
and deposition are expected, particularly in the aforementioned bends, it is preferable that 
changes in bottom elevation are treated dynamically. This means that the hydrodynamic 
model receives an updated bottom elevation in each time step, so that the hydrodynamics 
can adjust according to the changes in bathymetry. Most existing modeling systems are 
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used for deep-water systems where the influence of vegetation is negligible and where 
wetting and drying of elements mainly occur along the shoreline. The possibility of 
unexpected behavior of the model of choice on large tidal marshes which fall dry 
regularly and are densely vegetated, made it preferable to work with a model developer 
interested in enhancing the model for marsh simulation. Consequently the numerical 
model system MARINA (Milbradt, 2012) was chosen because it provided all the required 
components and runs on any computational platform, including Windows and UNIX. To 
prove that it was capable of simulating the physics in the Delaware Bay adequately, it 
needed to be tested within the Delaware Model Evaluation Environment (Patchen, 2007) 
against commonly used models for this area, such as ADCIRC and FVCOM. A 
description of the numerical model is provided in Chapter 2.2.1. 
After choosing the numerical model, data needed to be acquired for model set up and 
forcing (Chapter 2.2.3). The sheer number of marshes fringing the Delaware Estuary 
prohibits the development of a complete Delaware Estuary marsh model. Instead it was 
decided to model single, essentially closed marsh systems, meaning they are not or only 
minimally connected to adjacent marshes other than through the Delaware Bay. Due to 
limited resources it was vital to find marsh areas suitable for the model objectives that 
already provided an adequate set of data, such as ground elevation, bathymetry, water 
level and current measurements. For missing data, field surveys needed to be planned and 
conducted (Chapter 2.2.4). The marsh models include a small section of the Delaware 
River that provides the open boundaries for model forcing. Boundary conditions for the 
marsh models were produced by a model of the entire Delaware Estuary, reaching from 
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the mouth between Cape May, NJ, and Cape Henlopen, DE, to the head of tide near 
Trenton, NJ. Thus, boundary condition data to steer the estuary model was also required. 
The next step was to generate the numerical model mesh. Compared to river systems, 
marsh geometries are considerably more complex and methods were needed to 
effectively build the mesh and adjust it when needed. MARINA provided a suite of pre- 
and post-processing tools, including GISMO, a tool for managing and manipulating GIS 
data, and the mesh generator JANET. A description of the grid generation methods is 
provided in Chapter 3.3. 
To answer the research questions, run time scenarios needed to be developed and the 
respective boundary and initial conditions for the model forcing prepared and initialized. 
The final stage of the research involves analyzing and visualizing the model results. For 
post-processing and visualization, the data analysis tool DAVIT from the model suite was 
used. Additionally, pre- and post-processing tools for preparation of boundary conditions 
and statistical and tidal analysis of results were coded as needed using Matlab. 
 
2.2 Methods 
2.2.1 Numerical Model 
The software package MARINA2D is a finite element model system used to simulate 
depth integrated hydro- and morphodynamic processes in rivers, lakes, estuaries, and 
coastal systems. A fully developed strategy for wetting and drying allows for model 
simulation in complex river and estuary systems. Its modular structure provides direct 
coupling of the central module CurrentModel2D with modules for sediment transport, 
salt and heat transport and waves. The implemented mathematical model equations are 
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based on the Navier-Stokes equations using a turbulence model according to Smagorinski 
(1963). Energy loss due to bottom roughness using an approach based on Nikuradse and 
Manning-Strickler, and energy input from wind according to Smith and Banke (1975) are 
taken into account (Milbradt, 2012). 
The module SedimentTransportModel2D coupled with CurrentModel2D solves a 
transport equation for suspended material and a bottom continuity equation that describes 
the change in bottom elevation as a combination of bedload and suspended transport. A 
choice of different transport approaches is available, such as van Rijn, Meyer-Peter-
Mueller, Wiberg and Smith, and Engelund and Hansen for bedload, and Rossinsky and 
Debolsky, Bagnold, and van Rijn for suspended transport. For this study the approaches 
of Wiberg and Smith (1989) for bedload and Rossinsky and Debolsky (1980) for 
suspended transport were applied. Secondary currents in channel bends lead to increased 
erosion on the outside of curves. This effect is taken into account in the 2-dimensional 
model by solving additional terms for the bottom shear stress caused by secondary 
currents. Sediment transport processes not only influence the bottom elevation but also 
cause a change in grain size distribution, with coarser material in areas with strong 
currents, such as tidal channels, and fine sediments on tidal marshes where current 
velocities are decreased due to energy dissipation by vegetation. The sediment 
composition in the model is represented by a variable mean grain diameter (d50), where 
d50 is the grain size at which 50% of grains in the sample are smaller, and a factor  
representing the grain size variability that is proportional to the variance of the grain 
distribution (Milbradt, 2012): 
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      (Eq. 1) 
Figure 6 shows an example for different grain size distributions. The steeper the curve, 
the more uniform or well sorted is the respective sediment sample, leading to a smaller 
factor and vice versa. 
 
 
 
 
Figure 6: Example grain size distribution curves  
 
 
 
2.2.2 Mesh generation 
For a numerical simulation, meshes that represent the physical properties and geometry 
of the study area are necessary. In order to generate the mesh for the marsh models, 
information about the location of tidal channels was needed. After the model area limits 
were determined, channel outlines were extracted from LiDAR data of the respective 
marsh systems and exported as polygons using GISMO. These polygons were then used as 
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break lines or forcing polygons in the triangulation process with JANET to establish the 
desired mesh resolution. An approach is required to balance the highest possible accuracy 
against model run time efficiency. Hence, only the main channel (first order) and second 
and third order channels (branching off the main and second order channels, respectively) 
were resolved to maintain a reasonable element size, and elements on tidal marshes 
coarsened to further limit the total number of elements. 
In order to interpolate the ground elevation of marshes onto the model grid, LiDAR data 
needed to be adjusted for elevation errors that occurred due to the dense vegetation which 
compromised direct laser hits of the ground. Bathymetry data was only available for a 
limited number of cross sections, and a method was developed to interpolate that data 
along the channels while taking specific channel shapes, especially in bends, into 
account. A correct representation of channel depths and tidal flat elevations is essential in 
order to provide the required volume for the tidal prism to enter and to ensure that 
flooding and drying times of flats match realistic conditions. A detailed description of the 
mesh generation process is available in Chapter 3. 
 
2.2.3 Data sources and preparation 
To force a hydrodynamic model, water levels and currents (if boundary is close to study 
area) for the whole model time period are required for the downstream boundary and 
river discharges for the upstream boundaries. All time series data needed to be checked 
for gaps and gap filled if necessary. 
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Initial conditions include a model wide representation of the water level, topography and 
bathymetry, bottom roughness, and sediment grain size information for the 
morphodynamic model. 
Hydrodynamic data such as water level and discharge in the Delaware Estuary are 
available online. NOAA/NOS‟s Center for Operational Oceanographic Products and 
Services (CO-OPS) monitors, assesses, and distributes tide, current, water level, and 
meteorological data for US coastal systems on its website (NOAA, 2013b) (Figure 7). 
Data is accessible on an interactive map (ODIN) in SI or US custom units and for 
different reference times, such as GMT, local standard (LST) or local time (LST/LDT). It 
is available in 6 minute or hourly intervals. The initial water level in the estuary and 
marsh models was set to mean sea level and developed slowly at the beginning of model 
runs by ramping up the water level at the open boundaries over a 5 day period. Therefore 
no measured data were necessary. 
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Figure 7: NOAA/NOS/CO-OPS – Odin Map (NOAA, 2013b) 
 
 
 
Data for river and tributary discharge were obtained from the USGS National Water 
Information System (NWIS) (USGS, 2013) (Figure 8). It is available in US custom units 
and needed to be converted to SI units for the simulation. 
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Figure 8: USGS NWIS Mapper - interactive map for access to USGS sites (USGS, 2013) 
 
 
 
NOAA‟s Coastal Services Center offers a LiDAR data collection for all US coastal states 
(NOAA, 2012). Measurement campaigns span more than a decade and range from 
shoreline strips to full county coverage. In 2007 a county wide LiDAR survey was 
conducted for Kent and New Castle Counties in Delaware, which covered the study areas 
of this research (NOAA, 2007). Data downloaded from this site were reviewed and error 
checked and available in different formats, projections and datum. For the mesh 
generation, bare ground elevation data in ASCII grid format were acquired with reference 
to NAVD88 that could directly be processed in GISMO. Additionally, DNREC 
commissioned a LiDAR survey of the Bombay Hook NWR in 2011 that provided data in 
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higher resolution than the existing Kent-New Castle LiDAR and observations during 
lower low tide to ensure a maximum coverage of tidal and mud flats. A detailed 
description of the LiDAR data used for this study is available in Chapter 3.1. While 
bathymetric LiDAR data exists in general, none were available for the areas of interest. 
Additional field measurements were conducted. They are presented in the following 
chapter. 
The complete estuary model was calibrated using bottom roughness parameters derived 
from extensive sediment surveys in the Delaware Estuary. A sedimentological and 
geophysical survey of the Upper Delaware Estuary was conducted by Sommerfield and 
Madsen (2003) and the Delaware Bay benthic and sub-bottom mapping project has been 
under way for almost a decade (Wilson and Madsen, 2006, Wilson and Madsen, 2007). 
Together they cover most of the Delaware Estuary (Figure 9). The Upper Delaware 
survey provided information about regions of specific sediment transport types (Figure 
10) and the Delaware Benthic mapping project offered grain size information for 660 
points in the bay and lower estuary (red dots in Figure 9). Based on this information 
roughness factors for the whole estuary were determined.  
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Figure 9: Sediment type polygons in the upper estuary (Sommerfield and Madsen, 2003) 
and data point locations in the lower estuary (Wilson and Madsen, 2007, Wilson and 
Madsen, 2006) in the Delaware Estuary 
 
 
 
 
Figure 10: Detail of sediment type polygons in the Upper Delaware Estuary (Sommerfield 
and Madsen, 2003) 
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For the marsh systems no system-wide data for sediment distribution were available. 
Methods to develop the initial conditions based on hydrodynamic model runs were 
developed that are presented in Chapter 4.2.3. 
 
2.2.4 Field work 
While the majority of data were available online, additional field measurements were 
required to augment the needed data sets. Bathymetry data outside of navigable waters 
typically do not exist. For the numerical mesh bathymetric data for all resolved channels 
were needed. At the time no fully automatic sonar system that could be attached to or 
pulled by a small boat was available. The most cost effective tool was the Vexilar Hand 
Held Digital Sonar. It uses a single beam under a 22 degree angle and a frequency of 
200kHz, which enables it to read depths from 0.6 - 61m (1.8 to 200ft) (Figure 11). For 
shallow depths along the shoreline and in small channels a surveyor's staff was used 
(Figure 12). The sonar did not provide a horizontal location of the point measured, hence 
an additional person needed to mark the survey points using a Garmin eTrex Legend GPS 
receiver. With this method a high resolution channel wide survey was not possible; 
hence, it was decided to measure cross sectional profiles and longitudinal points and to 
interpolate the bathymetry in between the cross sections. The data points were referenced 
vertically to NAVD88. For this, water level data (in NAVD88) for NOAA gauges at Ship 
John Shoal and Reedy Point, outside of the marsh, and gauges at Taylors Bridge and 
Blackbird Landing, inside the marsh, were used to determine the timing of the incoming 
tidal wave in the marsh (Figure 13). The hand held sonar measures water depths from the 
water surface. Using the gauged water level data, time of survey, and measured water 
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depths, bathymetry could be calculated as an elevation referenced to NAVD88. For the 
bathymetry survey at Bombay Hook NWR, a Real Time Kinematic (RTK) GPS was 
available which allowed for greater simplicity and accuracy of the vertical referencing by 
directly providing a vertical elevation referenced to NAVD88 in addition to horizontal 
coordinates. Throughout the survey RTK points were measured in combination with the 
water depth at the location (Figure 14), hence the water surface could be vertically 
referenced and the bathymetry calculated using the procedure explained in Figure 15. 
Because RTK points were not taken at each cross section the change in water level (h) 
over time was taken into account for measurements that were taken between reference 
water level locations. 
 
 
 
 
Figure 11: Bathymetry measurements with hand held sonar 
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Figure 12: Shallow water measurements with surveyor's staff 
 
 
 
 
Figure 13: gauged water level on day of bathymetry survey 
 
49 
 
 
Figure 14: Measuring a vertical reference point using RTK and water depth 
 
 
 
 
Figure 15: Determination of bathymetry in NAVD88 using RTK 
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The RTK was also used to measure ground elevations of tidal marshes that were needed 
to determine elevation adjustments for bare ground LiDAR data (see Chapter 3.2.2.).  
In addition to elevations, the field surveys provided information about vegetation. 
Vegetation height was used for the aforementioned elevation adjustments, and state and 
density of vegetation in different seasons offered information about possible changes in 
bottom roughness on tidal marshes throughout the year. 
In the meantime DNREC acquired a Tritech Digital Altimeter mounted on a 1-meter tri-
hulled platform along with a Garmin GPS (Figure 16). Vertical referencing is still 
necessary with this system, but by towing and automatically collecting water depth and 
horizontal position it is far less time consuming to gather bathymetry data simply by 
driving along tidal channels. It was used for the last updates of bathymetry for Bombay 
Hook NWR, but it was too late in the model development to use for the whole area. For 
similar future studies this method can provide almost continuous bathymetry. 
Nevertheless, most side channels were too small and shallow to be entered even by a 
small boat with a shallow draft, a problem that also occurred for huge mud flats dissected 
by deep channels. While the mudflat elevation could be determined by LiDAR data when 
it was collected at low tide, the depths of the channels needed to be measured. Surveys 
were taken during high tide to ensure enough draft to enter the mudflats. This left a 
relatively short time window for covering considerable distances in the marsh. 
Additionally, the tidal channels were covered by water and not visible anymore. Finding 
the channels and reaching them without getting stranded on a sandbank was almost 
impossible and prevented a full survey of all channels. In any case, some degree of 
estimating channel bathymetry in marshes is inevitable. 
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Figure 16: Tritech Digital Altimeter on 1 meter tri-hulled platform 
 
 
 
2.2.5 Run time scenarios 
To study the processes described in the objectives (Chapter 1.1) the following scenarios 
were simulated using the marsh models of Blackbird Creek and Bombay Hook. 
2.2.5.1 Hydrodynamics 
A time period of 2009 was chosen for which water level measurements were available 
within the Blackbird Creek and Bombay Hook marsh systems. These were used to assess 
the models ability to capture the hydrodynamic processes accurately. Later a dataset of 
velocities within the Blackbird Creek became available, which were compared to the 
model results using harmonic analysis. The importance of matching existing 
hydrodynamic conditions was explained in Chapter 1.3.1.2. 
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2.2.5.2 Influence of Vegetation on sediment transport 
Vegetation density is the primary influencing factor for the behavior of sediment 
transport on tidal marshes as described in Chapter 1.3.1.3. These scenarios show, that 
contrary to simulations in most riverine and coastal systems, vegetation cannot be 
neglected when modeling marsh systems. When water flows through vegetation, 
considerable energy is dissipated, leading to decreased current velocities which promotes 
sediment settling and diminishes possible erosion. In the model, energy dissipation due to 
vegetation is parameterized in the bottom roughness, represented as the Strickler 
coefficient, kst. Two cases were simulated with the Blackbird Creek model and analyzed 
with respect to deposition and erosion patterns on tidal marshes: 
1. Sediment transport on vegetated tidal marshes: 
 bottom roughness in tidal channels: kst = 48 m
1/ 3 s−1/ 2 , corresponding to a 
sandy bottom (Schneider, 1998) 
 bottom roughness on tidal marshes: kst = 15 m
1/ 3 s−1/ 2 , corresponding to 
densely vegetated shorelines (Schneider, 1998) 
2. Sediment transport on non-vegetated tidal marshes: 
 bottom roughness in tidal channels and on tidal marshes: kst = 48 m
1/ 3 s−1/ 
2 , corresponding to a sandy bottom 
 
2.2.5.3 Influence of sediment availability on sediment budget in marshes 
In Chapter 1.3.1.1 the impact of sediment availability in the bay on marsh development 
was discussed. The following scenarios were used in a sensitivity study to examine what 
impact the amount of suspended sediment in the Delaware River has on sediment budgets 
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in the marsh interior. Three cases were simulated with the Blackbird Creek model and 
analyzed with respect to sediment transport rates over cross sections at the mouth and 
several locations in the marsh interior, transport rates onto tidal marshes, and suspended 
sediment concentrations in the marsh interior: 
1. High concentrations in Delaware River: 
 suspended sediment concentration corresponds to observed concentration 
2. Medium concentration in Delaware River: 
 suspended sediment concentration corresponds to ~75% of observed 
concentration 
3. Low concentration in Delaware River: 
 suspended sediment concentration corresponds to ~50% of observed 
concentration 
 
2.2.5.4 Influence of channel geometry on transportation patterns in marshes 
The Bombay Hook NWR currently shows distinct signs of losses in the marsh interior. 
The following scenarios were good examples for a practical application of marsh models 
as a tool for maintaining and managing marsh systems. The objective of DNREC is to 
identify reasons for the losses, presuming that changes in channel geometry and 
connections are partly responsible for sediment being transported out of the system. The 
Bombay Hook NWR has a history of anthropogenic alterations, such as the construction 
of dikes and connection channels. The following scenarios were simulated with the 
Bombay Hook model and analyzed for changes in flow patterns and tracer paths 
compared to existing conditions (see Figure 17): 
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1. Removal of a major man-made connection channel to Delaware Bay to show 
sensitivity of system to changes in channel geometry (circled in Figure 17) 
2. Blockage of channel sections to identify a solution that prevents sediment 
transport out of the marsh interior  
a. Blockage of channel at location 1 
b. Blockage of channel at location 2 
c. Blockage of channel at location 1 and 2 
 
 
 
3.  
Figure 17: Scenarios for tracer study: 1. removal of northern channel; 2. Blockage locations 
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CHAPTER 3: GRID GENERATION 
 
3.1 The Digital Terrain Model (DTM) 
3.1.1 LiDAR data for the Blackbird Creek Reserve 
In 2007 LiDAR data was acquired for Kent and New Castle (KNC) Counties for 
DNRECs Delaware Coastal Programs Section (NOAA, 2007). The LiDAR acquisition 
campaign was designed to provide a high density set of mass points within the defined 
areas which made them an ideal source for the development of contours for use in 
hydraulic/hydrologic model development (it is available for download at the Digital 
Coast website from NOAA Coastal Services Center (NOAA, 2012). Seven missions were 
flown between March 31st and April 5th 2007 by Sanborn Map Company, Inc. A Leica 
Systems ALS50 Light Detection and Ranging system was used, and the processed and 
filtered data was available with 2x2 meter resolution. For well-defined points, such as 
streets and houses, the vertical accuracy was ± 18.5 cm, and ± 37.0 cm for points in 
heavily vegetated areas such as the marsh, suggesting that the filter techniques applied by 
NOAA were not sufficient to generate bare ground elevations for tidal marshes. 
Additional elevation adjustments were needed (discussed in Chapter 3.2). The modified 
data set was used to generate the Digital Terrain Model (DTM), as shown in Figure 18. 
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Figure 18: Kent-New Castle (KNC) DTM Blackbird Creek Reserve  
 
 
 
3.1.2 LiDAR data for the Bombay Hook National Wildlife Refuge 
In 2011 NOAA Coastal Services Center, in partnership with DNREC, commissioned a 
third party (Dewberry) to develop an accurate surface elevation data set derived from 
high-accuracy LiDAR for the Bombay Hook National Wildlife Refuge (Figure 19). The 
LiDAR aerial acquisition was conducted from April 18th thru April 20th, 2011. Flights 
were timed for low water conditions to ensure the highest availability of exposed ground. 
The vertical accuracy is ± 10 cm based on comparisons with checkpoint elevations. The 
Fundamental Vertical Accuracy (FVA) tested 14 cm and the Consolidated Vertical 
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Accuracy (CVA) 11 cm at the 95% confidence level, a significantly higher accuracy than 
the Kent-New Castle data set used for Blackbird Creek. A few areas still appeared noisy 
in the developed DTMs, these areas are generally vegetated. The full point cloud was 
analyzed for these areas and the lowest available points were determined and classified as 
ground. The processed and filtered data is available with 1x1 meter resolution. 
(Dewberry, 2011) 
This LiDAR data set did not fully cover the whole model area, but concentrated on tidal 
marshes in the center. For the remaining area the afore-mentioned Delaware Coastal 
Programs LiDAR was used. Direct comparison of elevations above vegetated areas from 
the two data sets revealed the importance of flight mission timing and filter techniques 
that are adjusted for vegetated marshes. While distinctly defined elevations such as street 
levels compared very well to each other, the mean elevation above vegetated areas was 
clearly higher in the Delaware Coastal Programs LiDAR data set, indicating a higher 
vertical error. 
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Figure 19: DNREC DTM for Bombay Hook National Wildlife Refuge (left), and part of the 
Kent-New Castle DTM(right) 
 
 
 
3.2 Elevation Adjustments 
The existing LiDAR data for the model areas included a significant vertical error of up to 
± 0.37 m, especially in densely vegetated areas such as tidal marshes. They also did not 
provide bathymetry data. For both cases the DTMs had to be adjusted. 
 
3.2.1 Bathymetry 
While LiDAR technology can provide bathymetry data, no such data was available for 
the study areas. In addition, very few bathymetry measurements of tidal channels in 
marshes were available. A comprehensive measurement program covering all channels 
was not feasible; hence an approach was chosen to determine the general cross sectional 
shape and longitudinal slope of tidal channels based on measurements of cross sections 
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and on the centerline of the tidal channels. For the Blackbird Creek area water depths 
along 25 cross sections (15 in the main channel and 10 in side channels) were measured 
with handheld sonar and converted to height above NAVD88. Additionally, 60 point 
measurements were taken along the centerline to determine the longitudinal slope (Figure 
20). The results showed that the shape of the main channel was mainly trapezoidal, with 
the typical erosion and deposition pattern in sharp bends due to secondary flows. The 
longitudinal slope from the mouth to the upper reach was very small. In side channels, 
the channel depth stayed almost constant. Only close to the end of these channels a 
distinct decrease in depth was noticeable. 
Initial numerical model tests for the Blackbird Creek area including sediment transport 
revealed the importance of a more realistic initial condition for the bathymetry in bends. 
Due to a lack of data, bends in the initial model set-up were often not represented 
correctly which led to excessive redistribution of sediments in these areas by the model. 
A certain amount of bottom adjustment in the model is expected, but the time until a 
stable condition is reached can be decreased by improving the initial condition. 
With this in mind the sampling program for the Bombay Hook system was improved and 
respective locations of cross sectional measurements were better distributed. For several 
bends cross sections were taken at its beginning, center, and end. From this a general 
shape transition for bends could be developed. A total of 48 channel cross sections and 
five mud flat transects were taken (Figure 21). Mud flats occurred adjacent to the deep 
flow channel, in dead-end arms, and ponds. The water depth above a thick layer of mud 
was almost constantly around 0.5 m during high tide. At low tide these areas fall dry. 
Close to the banks a steep step up to most tidal marshes was visible. 
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Overall the measurements suggested that the shapes of straight tidal channel sections 
were trapezoidal. The longitudinal change in depth is small enough to allow for a linear 
interpolation between the measured cross sections on the existing forcing polygons. 
Initial values for the interpolation were defined at measured locations and at the 
beginning, center, and end of bends to account for the secondary profile. Final 
adjustments and refinements of areas with unrealistic depths were made manually. 
 
 
 
 
Figure 20: Locations of field measurements for bathymetry in Blackbird Creek Reserve  
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Figure 21: Locations of field measurements for bathymetry in Bombay Hook National 
Wildlife Refuge 
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3.2.2 Bare Ground Elevation 
Depending on the applied filtering method, DTMs can contain high vertical errors above 
areas with low and dense vegetation (Hladik and Alber, 2012, Athearn et al., 2010, Rose 
et al., 2013, Meng et al., 2010). Most filtering methods search either for the lowest 
elevation in a neighborhood, changes in ground surface steepness, or abrupt changes in 
ground heights or homogeneity (Meng et al., 2010). These algorithms prove not to be 
very useful for dense vegetation. True ground hits are rare and lowest elevation points 
likely represent reflections from the canopy. Marshes are low-slope environments in 
principle and vegetation height is often very uniform, thus easily misclassified as ground 
elevation (Rose et al., 2013). Moreover, when using readily available DTMs from public 
sources, the exact method used might not be specified. The KNC DTM was created in 
2007, when filtering methods for dense vegetation were rare. A high vertical error above 
dense vegetation was accepted as a limitation that needed to be considered for 
application. The DNREC DTM was specifically created for the use in wetland research, 
thus methods were applied to ensure the best possible bare ground representation. Real 
Time Kinematic (RTK) GPS elevation measurements of the ground elevation of tidal 
marshes in the study areas were used to assess the vertical accuracy of the DTMs. A total 
of 660 RTK points were available for the Blackbird Creek marshes, covering most tidal 
marshes. Their ground elevation ranged from -0.6m NAVD88 for low lying points to 
maximum elevations of +1.1m close to the bay, and +0.5m in the upper marsh. The data 
was used to determine an upper threshold for each tidal flat. Comparison to the KNC 
DTM showed that the majority of its data points on tidal marshes lay above their 
respective upper threshold, supporting the assumption that the applied filtering method 
overestimated the ground elevation. Elimination of the false data points was unrealistic 
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due to their high number. Instead a constant correction factor was determined for each 
tidal flat based on canopy height measurements in the field and subtracted from the 
overestimated points. A similar approach was used by Hladik and Alber (2012) who 
applied plant species specific correction factors for DEM improvement. Closer inspection 
of the new DTM still revealed areas with diverging elevations. Higher elevations were 
especially visible along shorelines (see bright areas in Figure 23). Increased growth of 
plants on the banks occurred due to higher sedimentation rates that provided more 
nutrients close to the channel, while the lower vegetation height in the tidal flat interior 
was relatively constant. The additional height was not accounted for in the correction 
factor and data points that were still above the aforementioned threshold were eliminated 
from the DTM. Figure 24 shows the elevation after elimination data points and Figure 25 
the difference plot between both cases. Blue areas show a decrease in elevation for the 
final DTM mainly along shorelines (positive difference to DTM before improvement) 
and red areas an increase from rasing the channel bed of unresolved tidal channels.  
To limit computational expenditure, elements on tidal marshes were selected to be much 
coarser than those in tidal channels. This was justified because there is not much 
elevation change that would otherwise require the resolution of steep gradients, and there 
is less volume and more uniform flow across the flats. Figure 23 shows tidal channels 
that were too small (< 9m width) to be resolved in the model grid. However, when a 
mesh node coincided with a small tidal channel its low elevation was taken from the 
DTM resulting in steep, unrealistic elevation gradients that caused instabilities in the 
numerical model. To prevent this, data points within channels that were not resolved in 
the model mesh and were below the threshold were also eliminated from the DTM.  
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The accuracy of the DNREC DTM was largely sufficient, but similar adjustments in the 
vicinity of banks and small tidal channels were still necessary. 
 
 
 
 
Figure 22: Area overview 
 
 
Figure 23: Detail of KNC DTM after application of constant correction factor 
KNC DTM Detail 
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Figure 24: Detail of KNC DTM after elimination of false data points  
 
 
 
Figure 25: difference plot (adjusted DTM 1adjusted DTM2) 
 
66 
 
3.3 Mesh generation 
For this work, a suite of software tools developed by Smile consult GmbH (Smile, 2012) 
was used. While GISMO was used for generating, editing and analyzing DTMs, the 
numerical mesh was generated by JANET, a multipurpose application for producing, 
analyzing, and optimizing model meshes for a variety of numerical methods. It supports 
the generation of unstructured triangular meshes for finite-element methods, structured 
grids for finite-difference methods, and unstructured orthogonal grids for finite-volume 
methods. Special interfaces exist for the Model system MARINA that ensured the 
integration of all relevant information for the model set up.  
 
3.3.1 Model Domain 
The outline for the Blackbird Creek marsh model was chosen based on the results of the 
Sea Level affecting Marshes Model (SLAMM) (Scarborough and Carter, 2009). 
Scenarios for 0.5m, 1.0m, and 1.5m sea level rise were calculated, resulting in boundaries 
for maximum flood extension. The outline for the 1.5m SLR scenario (Figure 26) was 
used as a guideline to determine the model area. The final outline includes a wide buffer 
zone to ensure that all possible flood areas are included. 
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Figure 26: SLAMM 1.5 m sea level rise flooding area (Scarborough and Carter, 2009) 
 
 
 
The extent of the Bombay Hook model was extracted visually with Google Earth (Figure 
27). Although the area of interest consists of only a small part in the center, the whole 
marsh system was modeled. It is comprised of a network of interconnected channel 
systems. Modeling only the area of interest would result in an additional degree of 
difficulty for the model forcing, since additional information about channel boundary 
conditions would be necessary. For the whole system only tidal inflow from the Delaware 
Bay and discharge of the Leipsic River are needed (Figure 27). 
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Figure 27: Landward limits of Bombay Hook model area (Google Earth) 
 
 
 
3.3.2 Extraction of Tidal Channels 
In Figure 18, the topography of Blackbird Creek is depicted in flooded contours with 
different colors for specific depth (z) intervals. The flooded contour line with -0.5m < z < 
0.5m NAVD88 proved to produce tidal channel outlines that compared very well to 
existing coast lines from federal sources. These contour lines were exported as polygons 
and used for the subsequent extraction of significantly large tidal channels. When 
generating a model mesh, it is important to keep the balance between accuracy and model 
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efficiency. The smaller and more numerous the elements are, the higher is the 
computational effort to run the model. A lower limit of 3m for the element edge length 
was chosen, to ensure model efficiency. The smaller the time step, the lower model 
efficiency will be. The time step in the model system MARINA is variable; it is determined 
by the velocity within the element and its edge length. The time step is calculated in such 
way that it fulfills the Courant condition, which states that the time step must be small 
enough that a particle traveling by the speed within the element does not cover a longer 
distance then the elements‟ length. Given that a minimum of three elements are needed to 
create a trapezoidal channel, with two nodes representing the shore and two nodes the 
channel center, channels with a width greater than 9m were extracted to be resolved in 
the model grid (Figure 28). Figure 29 shows the procedure for the extraction of tidal 
channels schematically.  
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Figure 28: Trapezoidal channel resolved by three elements  
 
 
Figure 29: Extraction of tidal channels  
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Both systems also include wide mud flat areas whose deep channels are generally not 
visible in LiDAR data. Examination of aerial pictures from different years in Google 
Earth revealed snapshots where the deeper channels were distinctly visible due to a 
different shade of color than adjacent shallow water areas. Outlines of these channels 
were extracted manually from Google Earth (Figure 30). 
 
 
 
 
Figure 30: Extraction of deep channels from Google Earth 
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3.3.3 Mesh triangulation 
In order to maximize numerical accuracy, it is advisable to align mesh elements in areas 
with strong currents along the primary flow direction. In the mesh generation procedure, 
this can be achieved by introducing “break lines” or forcing polygons that enforce 
alignment of elements along these lines. In the following grid triangulation process 
polygons extracted from the DTMs, as shown in the section before, were used. 
JANET produces unstructured model meshes largely automatically based on these forcing 
polygons. In a first step the nodes on the polygons were automatically redistributed to 
match the desired distance of the element nodes in a specific area. To define nodes inside 
the channels, the outline polygons of the channels were copied inward, parallel to the 
original by a preset distance. in this way the locations of all element nodes in the areas of 
the tidal channels were pre-defined (Figure 31a). The basic triangulation step connected 
all existing nodes without adding any additional nodes (Figure 31b). The advancing front 
refinement tool in JANET iteratively refined the model mesh based on the existing forcing 
polygons, while protecting the nodes on the polygons. To ensure that tidal marshes were 
not filled with elements of the size in the adjacent channel area, additional forcing 
polygons with greater node distances were placed (see Figure 31a). Figure 31c shows the 
final mesh following mesh refinement with a transition from small elements in channels 
to bigger elements on tidal marshes. This can be seen in the detail on Figure 31d. Since 
the entire mesh generation was achieved with just a few clicks after defining the 
polygons, changing the mesh resolution is easily done by changing the node distances on 
the forcing polygons and triangulating again. 
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The connection to the Delaware River and Bay was chosen so that the boundaries were 
sufficiently far away from the mouths of the marsh systems but to also coincide with 
mesh elements of a larger estuarine model that provided the forcing data for the marsh 
sub models. 
 
 
 
 
Figure 31: Mesh triangulation steps 
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CHAPTER 4: NUMERICAL STUDIES 
 
The following model simulations were executed on the super computer of the City 
University of New York (CUNY) High Performance Computing Center (HPCC). The 
HPCC operates six computer systems.  For this study the computer system “ANDY” was 
used, an SGI cluster with 744 processor cores and 96 NVIDIA Fermi processor 
accelerators Detailed information can be obtained on the CUNY website (CUNY_HPCC, 
2013a, CUNY_HPCC, 2013b). 
4.1 Model of the Delaware Estuary 
A full model of the Delaware Estuary was used to evaluate the model system MARINA 
and to produce boundary conditions for the marsh models. The Delaware Bay Model 
Evaluation Environment (MEE) was developed by the Coast Survey Development 
Laboratory (CSDL) and National Ocean Service (NOS) to find adequate Hydrodynamic 
Numerical (HN) models for operational circulation now casts and forecasts (Patchen, 
2007). A complete data package was available that included all necessary data required to 
set up a numerical model simulation as well as a set of tools for statistical analysis and 
skill assessment.  
Two scenarios were modeled: i) an astronomical tide-only scenario driven solely by 
harmonic constituents at the water level boundary and a constant discharge at the 
Delaware River open boundary to test the model's ability to reproduce the incoming tidal 
wave adequately; and ii) a hindcast scenario using observed data for the water level 
boundary and historic discharge boundaries for the tributaries to show the model's skill in 
reproducing realistic water level and current conditions. 
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The mesh used for the model evaluation runs was adopted from the data package 
provided by the MEE. It covers the Delaware Estuary from about 4km north of Trenton 
and reaches approximately 120km onto the continental shelf. For the marsh boundary 
condition generation it was decided to cut off the continental shelf and move the open 
ocean boundary to the mouth of the Delaware Bay, where well defined water level data 
from gauges at Cape May, NJ, and Lewes, DE, were available. With this step it was 
ensured that subtidal water level fluctuations were covered in the model forcing. Subtidal 
changes in water level are generated by local winds in the estuary and remote winds over 
the Atlantic Ocean. Especially the remote wind portion is difficult to capture in a model. 
No measured water level data is available to force the open ocean boundary on the 
continental shelf; hence, the model is usually driven by harmonic constituents that are 
generated from results of the Eastcoast 2001 model (Mukai et al., 2002), provided online 
at the ADCIRC Tidal Databases (UNC, 2013). To reproduce subtidal conditions, wind 
data are necessary for the model area and the Atlantic Ocean and a substantial part of the 
continental shelf needs to be included in the model to provide enough fetch in order to 
induce Ekman Transport (Ekman, 1905). Ekman Transport is produced by a steady 
horizontal wind that sets the surface layer of water in motion resulting in a downward 
spiral of the velocity vectors that induces a net water movement to the right of the wind 
(Figure 32). Therefore, long lasting northern winds along the East Coast pull water out of 
the Delaware Bay resulting in lower water levels while southern winds respectively 
increase water levels in the Delaware Bay. The water level data used for driving the 
boundary at the capes already includes this effect. Since the area of interest is far enough 
away from the boundary and the conditions around the mouth are of no particular concern 
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for this study, this approach promised to provide realistic conditions without the extra 
need to acquire wind data and to increase the model area on the shelf. 
 
 
 
 
Figure 32: Ekman Transport (NASA, 2013) 
 
 
 
4.1.1 Grid 
The MEE model mesh of the Delaware Estuary used for evaluation starts at Trenton, NJ, 
where rapids form the head of tide, and reaches 120 km onto the coastal shelf where the 
open ocean boundary is located. It includes the whole Delaware Bay and part of the 
Chesapeake & Delaware Canal, to take account of water level forcing from the 
Chesapeake Bay. The importance of the influence of the Chesapeake Bay on 
hydrodynamic conditions in the Delaware Bay was shown by Wong & Garvine (1984). 
The Schuylkill River and smaller tributaries are not included, but are accounted for in the 
discharge boundary conditions. The mesh contains 15,726 nodes and 28,831 triangular 
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elements with edge lengths ranging from 50m in the estuary to 5500m on the continental 
shelf (Figure 33, left side). 
To generate boundary conditions for the marsh model, the MEE mesh was refined in 
areas where it overlapped with the marsh models in order to match their mesh resolution. 
Boundary nodes of the marsh models were placed so that they coincided exactly with 
locations of nodes in the estuary model where boundary conditions were extracted. As 
pointed out in the introduction to this Chapter, the continental shelf portion was removed, 
moving the open ocean boundary to a line connecting Cape May, NJ, and Lewes, DE, at 
the mouth of the bay. The capes mesh contains 11,375 nodes and 20,287 triangular 
elements with edge lengths between 50m and 1400m (Figure 33, right side). The 
bathymetry in both cases is based on NOAA soundings for the Delaware Estuary (Figure 
34). 
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Figure 33: Mesh of the Delaware Estuary model with and without continental shelf 
 
 
Figure 34: Bathymetry for Estuary and Capes model 
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4.1.2 Boundary and Initial Conditions 
4.1.2.1 Model Evaluation 
The boundary and initial conditions for both evaluation scenarios were taken from the 
respective input data for the ADCIRC (tidal only) and FVCOM (hindcast) MEE 
simulations. The input data was converted to MARINA compatible format and kept as 
similar as possible to the input of the compared models. 
For the astronomical tide-only scenario a constant average discharge per unit channel 
width of q=2.01 m2/s for the Delaware River was applied. Inflows of other tributaries 
along the Delaware River and Bay were neglected. For the harmonic prediction the: M2, 
S2, K1, O1, K2, Q1, M4, M6, MN4, MS4, P1 and 2SM2 tidal constituents were used. No 
other surface forcing (wind, pressure, etc.) was included, and salinity and temperature 
were set as constant. A time period of 190 days starting at January 1, 1984 was simulated. 
Boundary conditions for the hindcast scenario were available for a time period of 190 
days starting at March 21, 1984. In this case the best available gap-filled historical 
observational data was used to force the model. In addition to the inflow at Delaware 
River nine additional tributaries were taken into account using observed discharge time 
series from USGS stations. Historical water level data were assigned to the open 
boundaries at the ocean and the Chesapeake & Delaware Canal (Zhang and Wei, 2007). 
The model was calibrated by adjusting the bottom roughness represented in the model as 
a Strickler coefficient (kst). Data from the sedimentological survey by Sommerfield & 
Madsen (2003) described in Chapter 2.2.3 was used to derive initial Strickler coefficients 
for the Upper Delaware River. At the time of this study, information about the lower bay 
was not available and a constant value was used for the entire bay. The Strickler 
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coefficients were adjusted until the model was appropriately calibrated. The resulting 
distribution is seen in Figure 35 with coefficients ranging from kst= 30m
1/ 3 s−1/ 2 in areas 
with fine sediments to kst= 55m
1/ 3 s−1/ 2 in areas with coarser, sand-sized sediments. 
 
 
 
 
Figure 35: Roughness coefficient distribution in Estuary model 
 
 
 
4.1.2.2 Marsh Boundary Condition generation 
A time period from 2003 for which observations for suspended sediment concentrations 
in the Delaware Bay close to Blackbird Creek were available was chosen to force the 
runs in the Blackbird Creek model in order to compare modeled SSC in the river section 
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to observed data. Cook et al. (2007) measured suspended sediment from March 18 to 
June 10, 2003. Boundary conditions were prepared for March 1 to June 30, 2003. Daily 
discharge data from USGS provided inflow boundary conditions for the following 10 
rivers and tributaries: the Delaware River at Trenton, Neshaminy Creek, Frankford 
Creek, Schuylkill River, Chester Creek, Raccoon Creek, Christina River/Brandywine 
River (share confluence to Delaware River), Salem River, Cohansey River and the 
Maurice River. 
Tidal gauges at Lewes, DE, and Cape May, NJ, provided water level data for the Capes 
open boundary. Cape May water level data was incomplete for this time period; hence, 
test runs forced only by Lewes data were conducted. They resulted in too low tidal 
amplitudes throughout the estuary. Comparison of the two water level time series 
revealed that the tidal range at Lewes is on-average 5 to 20 cm lower than the range at 
Cape May. An intermediate water level time series was generated by determining the 
mean difference between the two locations for a period with data at both stations and 
adding half of the difference to the Lewes water level data. Results for this version 
compared better to observed data. No water level data for the gauge at Chesapeake City, 
MD, were available for this time period. Instead of only driving the C&D canal‟s 
boundary by harmonically predicted water levels, subtidal water elevations were derived 
using a nearby station and added to the harmonic predictions. Comparisons of water level 
data at Chesapeake City and Reedy Point confirmed that they behave similarly; they 
follow a similar pattern of subtidal changes. Accordingly, the tidal portion of the Ready 
Point water level time series was filtered using a Fourier filter method in Matlab so that 
only the subtidal part remained. This was added to the Chesapeake City predicted time 
 
82 
 
series. While this procedure did not represent observed conditions exactly, a larger error 
would have been introduced by using only predicted water levels.  
The roughness conditions used for the evaluation model were updated using grain size 
information for the lower estuary from the Delaware Bay Benthic Mapping Project 
(Wilson and Madsen, 2007) resulting in a more variable roughness representation for the 
bay (Figure 36). Overall the observations confirmed that the roughness conditions were 
relatively uniform for large areas. 
 
 
 
  
Figure 36: Roughness based on Upper and Lower Bay surveys  
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For the Blackbird Creek hydrodynamic comparisons and Bombay Hook model scenarios 
a more recent time period during 2009 was chosen for which observed water level data 
were available in the marsh systems. The longest gap free period available for Bomaby 
Hook was from June to November 2009. Boundary conditions were prepared for the 
entire period so that any time during this period could be used for the marsh model. 
USGS discharge data was used for the same rivers and tributaries as for 2003. Water 
level boundary data were available for all necessary stations in this period: Lewes, DE, 
Cape May, NJ, and Chesapeake City, MD. For the Capes boundary condition a mean of 
the water level gauges at Lewes and Cape May was created. 
Boundary conditions for temperature and salinity were generated using data from the 
NOAA/NOS/CO-OPS Odin and the USGS NWIS websites (see Chapter 2.2.3). The best 
time series for river temperatures was available for the USGS station “Delaware River at 
Trenton”. Since temperatures across the tributaries did not vary significantly, this time 
series was used for all tributaries, due to a lack of time series data for the smaller rivers 
and creeks. At the water level boundaries data from Lewes, DE, Cape May, NJ, and 
Chesapeake City, MD were used. For all of the time series smaller gaps existed which 
were filled by linear interpolation. Salinity time series were more difficult to obtain. The 
closest station to the Capes boundary having salinity data was Brandywine Shoal Light. 
No salinity data existed for Chesapeake City. To determine data for these boundaries the 
NOAA Operational Forecast Systems for the Delaware Bay (DBOFS) and Chesapeake 
Bay (CBOFS) (NOAA, 2013a) were utilized. According to CBOFS the salinity at 
Chesapeake City stays relatively constant at 0.5 Practical Salinity Units (PSU). 
Animations of model simulations from DBOFS suggested that the salinity at Brandywine 
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Shoal Light is on average 1 PSU below the salinity at the capes, therefore 1 PSU was 
added to the Brandywine Shoal Light salinity time series to be used as a boundary 
condition. Salinity at the river and tributary boundaries was set to a constant 0.2 PSU, a 
method adapted from NOAA simulations for the Delaware Bay, such as the evaluation 
runs with ADCIRC and FVCOM. 
Temperature data from NOAA stations at Newbold, PA, Burlington, NJ, Tacony-
Palmyra-Bridge, NJ, Philadelphia, PA, Marcus Hook, PA,Delaware City, DE, Reedy 
Point, DE, Chesapeake City, MD, Ship John Shoal, NJ, Brandywine Shoal Light, NJ, 
Cape May, NJ, and Lewes, DE were used to determine an initial temperature distribution. 
For initial salinity the same distribution as in the evaluation runs was used, providing a 
linear distribution between high salinity in the bay and freshwater in the upper estuary. 
 
4.1.3 Results 
4.1.3.1 Model Evaluation 
The results showed that the overall performance of the model system MARINA is good for 
predicting the propagation of the tidal wave and the resulting velocities in the estuary. A 
good agreement for water levels and for velocities in the lower estuary was obtained for 
both the astronomical tide only and for the hindcast scenario. This was confirmed by 
statistical metrics and through performing harmonic analysis. In general, the water level 
amplitude was slightly over predicted by all models, while the phase was in the correct 
range. In terms of velocities MARINA's performance was comparable to that of ADCIRC 
and FVCOM, resulting in a good agreement with observed data. There is still a need for 
further calibration in the upper estuary, a known problem for this area. A detailed report 
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of the model evaluation is available as a conference proceedings paper (Stammermann 
and Piasecki, 2010), tables including the results of harmonic and statistical analysis of 
stations at Trenton and Brandywine Shoal Light can be found in Appendix A of this 
thesis.  
 
4.1.3.2 Boundary Condition Generation 
The water level results for the 2003 (Figure 37 and Figure 38) and 2009 (Figure 39 and 
Figure 40) boundary generation process are exemplarily shown for the stations at 
Brandywine Shoal Light and Reedy Point, in between which the study marshes are 
located. The results for both time periods compared well to observed data, including 
shifts in mean water level due to subtidal influences. Due to partial artificial generation of 
the 2003 Estuary model boundary conditions, such as the artificial construction of the 
C&D canal water level and the Capes boundary based on Lewes data only, larger errors 
occur for the 2003 results. A small phase shift at Brandywine Shoal Light is visible, a 
possible result from neglecting the phase shift between the Lewes and Cape May water 
levels. Amplitudes during neap tide are slightly over predicted (Figure 37). The error at 
Reedy Point station is substantially bigger, which is strongly influenced by the C&D 
canal. Amplitudes during spring tide are under predicted while neap amplitudes are too 
high (Figure 38). This shows that while the subtidal signal was included, the artificial 
boundary condition at Chesapeake City clearly introduced an error. However, the errors 
are still within acceptable margins, especially considering that these boundary conditions 
were used for general sensitivity studies and not necessarily for reproducing historic 
conditions. For the station at Chesapeake City a quick approach was chosen to create the 
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boundary condition. If more precise data was needed for an actual hindcast, the water 
level data should be calculated using a transfer function, which can be derived from time 
periods where data is available at both stations.  
 
 
 
 
 
 
 
Figure 37: Water level at Brandywine Shoal Light (2003) – Model vs. Observed 
 
 
 
 
Figure 38: Water level at Reedy Point (2003) – Model vs. Observed 
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The results for the 2009 period show a visible improvement, especially for the Reedy 
Point station, where water levels in the C&D canal were driven by actual observations for 
this case. Both stations still exhibit a very small phase shift, but amplitudes match during 
spring and neap cycles (Figure 39 and Figure 40). The results emphasize the importance 
of acquiring a good quality data set for model forcing. 
 
 
 
 
Figure 39: Water level at Brandywine Shoal Light (2009) – Model vs. Observed 
 
 
 
 
Figure 40: Water level at Reedy Point (2009) – Model vs. Observed 
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4.2 Hydrodynamic and preliminary Sediment Transport Studies Blackbird Creek 
4.2.1 Introduction 
The Blackbird Creek model was used to study sediment transport processes in marshes 
with respect to erosion and deposition patterns as well as sediment exchange between the 
marsh system and the Delaware River. As a first step it was essential to show that the 
model was capable of realistically simulating the hydrodynamics within the tidal 
channels, as well as on densely vegetated marsh platforms, an important feature of the 
marshes. To ascertain that an approach of representing vegetation parameterized as 
roughness was sufficient to replicate the dampening effect of vegetation on currents, a 
sensitivity study was performed that compared simulations of sediment transport on non-
vegetated tidal flats with vegetated tidal flats.  
To analyze the sensitivity of sediment exchange between marshes and the Delaware 
River, simulations were performed with high, medium and low suspended sediment 
conditions in the river. This study can be used to evaluate the theory of diminished 
sediment supply from the river as a possible cause of marsh deterioration in the Delaware 
Bay (Kearney et al., 2002). Additionally, it was used to determine how far into the marsh 
system changes in river conditions reach and how important they are for conditions on 
tidal flats.  
 
4.2.2 Grid 
The mesh of the Blackbird Creek marsh system includes a section of the Delaware River 
with open boundaries that run approximately 7km upstream and downstream from the 
entrance to the marsh system. It consists of about 150,000 elements with maximum edge 
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lengths of 865m in the Delaware River and minimum lengths of 3.5m in tidal channels 
(Figure 41).The mesh elevation represents the bathymetry of tidal channels and the 
Delaware River as well as the topography of tidal flats and higher areas surrounding the 
marsh. The model system requires positive values for water depths. Therefore, the higher 
ground is represented as negative elevations in the legend below. A detailed description 
of the mesh generation process is given in Chapter 3. 
 
 
 
 
Figure 41: Final model mesh Blackbird Creek Reserve  
(left: bathymetry/topography; right: mesh with forcing polygons) 
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4.2.3 Boundary and Initial Conditions 
Hydrodynamic Model 
The Blackbird Creek Reserve model was driven at two open boundaries, the upstream 
and downstream cross sections of the Delaware River close to the mouth of the marsh 
system (Figure 41). The time period chosen for this model area was Spring 2003 because 
of the availability of measurements of suspended sediment concentrations (SSC) in the 
Delaware River (Cook et al., 2007). The suspended sediment concentrations were used to 
determine the SSC boundary and initial conditions for the suspended sediment sensitivity 
study. Discharge data of the Blackbird Creek was not available for 2003. Instead long 
term average daily discharge as reported by USGS was used. This approach was 
considered acceptable because discharge coming from the creek is negligible compared 
to the incoming tidal prism from the bay. 
In addition the 2009 time period was modeled in order to compare modeled water levels 
to observed stations in the marsh that were surveyed by DNREC starting in 2007. For this 
time period 15 min discharge data for the Blackbird Creek was obtained from USGS. 
In the Delaware River section discharge for the upstream boundaries, and water level and 
currents (to maintain momentum) for the downstream boundaries were required. The 
respective time series were generated by the model of the Delaware Estuary presented in 
Chapter 4.1.  
For initial water level conditions, the models were allowed to ramp up over a 5 day 
period starting from mean sea level. Bottom roughness coefficients in the Delaware River 
were based on sediment inventories by Sommerfield and Madsen (2003) and the 
Delaware Benthic Mapping Project (Wilson and Madsen, 2007, DNREC, 2013b). For 
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tidal channels and other open water areas in the interior of the marsh a constant Strickler 
coefficient of kst=48m
1/ 3 s−1/ 2, representing a sandy bottom, was applied. Most of the tidal 
marshes in the study areas are covered by dense vegetation throughout the season. Hence, 
a Strickler coefficient of kst=15m
1/ 3 s−1/ 2 was chosen that corresponds to flow through 
densely vegetated shorelines (Schneider, 1998). 
 
Morphodynamic Model 
High resolution data of the bottom sediment distribution in marsh systems are not 
available. Hence, the numerical model itself was used to determine a reasonable initial 
grain size distribution. Initially only the hydrodynamic model was run for a few tidal 
cycles. The results were analyzed for the maximum occurring bottom shear tress in the 
entire area and time period, yielding a maximum shear stress value (b) for each element 
node. W.S. Knoroz (Gladkow and Söhngen, 2000) determined a critical shear stress of 
 cr = 0.026 in lab experiments which together with the d50 is used to determine the shear 
stress (b) at which sediment grains just start to move. 
If the maximum shear stress is known, the d50 can respectively be determined using the 
inverse Shields equation. 
     
  
  
(    )      
     (Eq. 5) 
The maximum shear stress from the model results was also a good indicator for false 
assumptions in the initial topography/bathymetry of the system. When interpolating the 
elevation on model meshes of this size, it is difficult to assure that those values are 
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always meaningful. By analyzing initial model shear stress results, areas with 
unrealistically high stresses were determined and the initial bottom elevation corrected 
accordingly. Typically, single nodes with an unrepresentative elevation caused outliers 
that resulted in patches of unrealistically extreme erosion. 
The grain size variability factor (see Equation 1) was chosen based on the respective 
water depth, assuming that in shallow water (d < 2m) on tidal flats a more uniform grain 
size distribution (= 0.4) consisting of fine sediments (clay to fine sand) can be 
expected, and a higher variability with increasing water depths in tidal channels. For 
depths of 2m < d < 10m  was interpolated linearly between 0.4 and 2, and for depths 
d > 10m a constant  = 2 was used. 
The sensitivity study to investigate the influence of suspended sediment availability in the 
Delaware River on sediment transport into and out of the Blackbird Creek marshes was 
based on a study by Cook et al. (2007) who observed tidal and springtime sediment 
transport in the upper Delaware Estuary from March to June 2003. SSC was measured at 
locations close to Tinicum Island and New Castle Flats located 55km and 25km upstream 
of the mouth of the Blackbird Creek Reserve, respectively. In addition to the methods 
described above, the suspended sediment concentration data at New Castle Flats was 
used to determine initial sediment conditions in the Delaware River section of the model 
that produced comparable concentration values. The observed SSC exhibits a high 
variability that is strongly influenced by tidal currents, with spring-neap and flood-ebb 
variations. Figure 42 shows these variations in observed data (black) and demonstrates 
the model‟s ability to reproduce the general behavior (grey). To analyze the sensitivity of 
the marsh system to SSC, three scenarios with low, medium and high concentrations in 
 
93 
 
the Delaware River section were modeled. The resulting SSC in the model domain was 
more sensitive to the initial sediment grain size (d50) in the interior compared to using the 
observed SSC to force the model at the boundary. Hence, the desired SSC in the model 
was matched by adjusting the d50 in the Delaware River section and on the open 
boundaries of the marsh model to increase or decrease the amount of available fine 
sediment for resuspension. This resulted in the model concentrations shown in Figure 43. 
Overall the magnitude of SSC in the model matched the observed values adequately. 
Deviations from observed data were mainly due to limitations of the sediment transport 
module. It is a non-cohesive model and does not take flocculation into account, which 
strongly affected the suspension of sediment from the bottom and the settling velocity of 
particles, respectively. For the high concentration scenario, the observed values were 
approximately reached. For medium and low concentrations in the river section 75% and 
50% of the high scenario were reached, respectively. 
 
 
 
 
Figure 42: tidal variability of high suspended sediment concentration Observed vs. Model 
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Figure 43: Model scenarios for low, medium and high SSC compared to observations 
 
 
 
4.2.4 Scenarios 
Long-term morphodynamic hindcast simulations with respect to marsh accumulation are 
not feasible at the moment because of a lack of observed reference data and sufficiently 
accurate boundary and initial conditions. The nature of marsh development itself also 
prohibits long term simulations. Presently marshes accumulate elevation approximately at 
the same rate as the local sea level is rising, within the range of a few millimeters per 
year. Therefore, to observe significant changes, simulations for months to years would be 
necessary. The large number and the small scale of many mesh elements lead to a very 
low computational efficiency with a real time to CPU time ratio of 1:2 to 1:3 at best. This 
makes simulations beyond a few weeks difficult. Instead, it was decided to perform 
sensitivity studies to get a general idea of how sensitive morphodynamic processes are to 
changes in the environment. 
In Chapter 4.2.5.1 results for comparisons of modeled water levels and velocities to 
observed data are presented. Especially the tidal asymmetry which determines the net 
sediment transport within a marsh and velocities which control resuspension and 
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advective transport of sediments need to be predicted adequately by the numerical model 
in order to ensure realistic sediment transport results. 
The results of incorporation roughness conditions in the model that represent dense 
vegetation on marsh platforms are presented in Chapter 4.2.5.2 and preliminary sediment 
transport results are shown in Chapter 4.2.5.3, including the comparison of measured to 
modeled SSC within the marsh, the ability of the model to adjust for initial bathymetry 
errors, and the effect of varying suspended sediment concentrations in the Delaware 
River on conditions inside the marsh. 
Another critical factor for marsh development is the occurrence of storms. While storms 
have great erosive potential and can lead to extreme changes over short periods 
(Donnelly et al., 2001a, Donnelly et al., 2001b), they are also an essential driver for 
affecting the sediment budget of tidal marshes. Typically, during normal conditions, only 
a limited amount of sediment reaches the tidal flats. Storms, however, can significantly 
increase sediment concentrations in the water column. If they coincide with high water 
levels during spring tides, large sediment loads can be transported onto tidal flats (Roman 
et al., 1997). Increased erosion due to waves would be expected on the edge of tidal flats 
along the Delaware River with less erosion in the marsh interior. To actually model wave 
action, an even finer model mesh with edge lengths within the range of wind wave 
lengths would be necessary. This would require an extraordinary high numerical effort. 
For relatively coarse meshed coastal areas, simulations including wave action take 
approximately four times as long as tide-only hydrodynamic simulations. Due to their 
fine resolution, marsh models already operate on a very low efficiency. Simulations 
including wave action were not considered feasible at this time. 
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4.2.5 Results 
4.2.5.1 Hydrodynamic results 
The results of the 2009 time period were compared to water level observations from 
DNREC at Taylors Bridge (TB) and Blackbird Landing (BBL) stations. Velocity and 
water level data were collected by the University of Delaware from March 18th 2008 to 
June 26th 2008 at a station close to Taylors Bridge (BBC1) and near the mouth of the 
Blackbird Creek (BBC3) (Figure 44). The data was collected using a bottom mounted 
ADCP that provided velocities for 10 vertical bins. For further comparison, both modeled 
and observed Easting/Northing velocities were converted to along/across-channel 
velocities.  
A tidal water level or velocity signal can be split into its tidal constituents, which 
provides a specific signature for this location. Therefore, measurements from the year 
2008 could be used for comparison with modeled results from 2009. The periods of tidal 
constituents range from 2hrs to 18.6 years (lunar nodal regression) (Parker et al., 2007). 
In order to produce a reliable set of tidal constituents that is representative for a location, 
a minimum analysis time period of 206 days is required. Shorter time periods leave 
important constituents unresolved and transfer their energy into other constituents, thus 
distorting the results (Parker, 1984). For this analysis the relative difference between the 
observed and modeled results was sufficient, and a time period of 20 days, long enough 
to cover a full spring neap cycle and to produce the constituents M2, M4 and M6, was 
harmonically analyzed using the Matlab tool T-Tide (Pawlowicz et al., 2002). To ensure 
that the 20 days were comparable, a start date for the 2008 observed period was chosen 
that matched the solar/lunar constellation at the beginning of the model run in 2009. At 
model start on June 6th 2009 the moon phase was a 93% waxing gibbous, the lunar 
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inclination was 23⁰, and the solar inclination 72⁰. A similar constellation could be found 
within the observed dataset on May 18th 2008, with a 91% waxing gibbous, a 27⁰ lunar, 
and a 69  solar inclination, which was used as start time for the observed 20 day period. 
 
 
 
 
Figure 44: Overview of survey stations in Blackbird Creek 
 
 
 
In Figure 45 observed water level at station BBC3 from 2008 is plotted against modeled 
water level from 2009 (heavy line). The 2008 data was shifted by 18 days to match the 
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start time of the 2009 results in Julian days. While the water levels are in phase, the 
model under predicted the tidal range considerably. The velocity comparison in Figure 46 
shows a significant over prediction of velocity magnitude at this location. The tidal range 
is still under predicted further inside the marsh at station BBC1 (Figure 47), yet modeled 
velocities at this location match observed data well in amplitude and phase (Figure 48). 
 
 
 
 
 
 
 
Figure 45: observed water level 2008 vs. modeled water level 2008 (similar tidal period) at 
station BBC3  
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Figure 46: observed velocity 2008 vs. modeled velocity 2008 (similar tidal period) at station 
BBC3 
 
 
 
 
Figure 47: observed water level 2008 vs. modeled water level 2008 (similar tidal period) at 
station BBC1 
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Figure 48: observed velocity 2008 vs. modeled velocity 2008 (similar tidal period) at station 
BBC1 
 
 
 
Figure 49 and Figure 50 depict comparisons of modeled water levels with observed data 
of the same time period. At Taylors Bridge (Figure 49), which is located near station 
BBC1, the modeled tidal range is still too low, but the error is less significant. 
Comparison of observed water levels in Figure 47 and Figure 49 indicates that although a 
period with very similar constellations was chosen, the tidal range can still differ from 
year to year. Therefore, part of the error between modeled and observed velocities is due 
to the use of two different time periods. DNREC water levels and model data were 
referenced to the same vertical datum. The figure shows that the model mostly matches 
high water, but does not meet low water. The same behavior can be observed at the 
Blackbird Landing station (Figure 50) which is located furthest upstream in the marsh. 
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Figure 49: observed water level vs. modeled water level at station Taylors Bridge  
 
 
 
 
Figure 50: observed water level vs. modeled water level at station Blackbird Landing 
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Tidal asymmetry, which is caused by the interaction between flow and bathymetry, 
determines the net sediment transport in marshes. In order to reliably predict sediment 
transport with a model, it is necessary to not only match the total amplitude and phase of 
water levels and velocities, but also their tidal constituents, especially the overtides M4 
and M6. Depending on the combination of the M4/M2 and M6/M2 amplitude ratios and 
the 2M2⁰-M4⁰ and 3M2⁰-M6⁰ phase differences a specific distortion of the tidal wave 
can be expected, such as in the example in Figure 51 (Parker et al., 2007). 
 
 
 
 
Figure 51: Tide curves for particular combinations of the M4/M2 amplitude ratio and  the 
2M2⁰-M4⁰ phase differences (Parker et al., 2007) 
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Table 2 and Table 3 summarize the harmonic analysis results for observed and modeled 
water level and velocity at stations BBC3 and BBC1. Velocity data were available for 10 
vertical bins. Harmonic constituents for all bins as well as the minimum, maximum, and 
average of the bins can be found in the table. For the model a 2-dimensional, depths 
averaged approach was used, resulting in one set of velocity harmonic constituents for 
each velocity station. Harmonic constituents for water levels match relatively well at 
station BBC3. Although the M2 amplitude error of 12cm is relatively high, M4 and M6 
amplitudes and their respective ratios with M2 match very well, yet phase differences 
exist for the M2 and M6. The amount of energy transferred from the M2 into the M4 and 
M6 depends on the distance the tidal wave traveled into a shallow system. The further up 
it travels into the marsh, the more energy is transferred. Station BBC3 is located 
relatively close to the mouth of the Blackbird Creek, thus relatively little energy has been 
transferred. The modeled velocity constituents differ significantly from observed data. 
Observed M2 amplitudes range from 0.58 to 0.68m/s while the modeled amplitude equal 
1.2m/s. Station BBC3 is located just upstream of a tight bend. A possible reason for the 
divergence is a faulty bathymetry within this area. Especially around bends the 
interpolation method between measured cross sections can lead to wrong results. Phase 
differences between modeled and observed velocities are smaller, but still considerable 
for M4 and M6, another sign for issues with the existing bathymetry. 
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Table 2: Tidal Constituents and ratios modeled vs. observed for station BBC3 
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The modeled M2 water level amplitude at station BBC1 is significantly smaller than the 
observed and less energy was transferred into the M4, which can be explained by the low 
water not reaching the observed levels as seen in Figure 49. The M4 is mainly generated 
because the trough velocity of a tidal wave becomes slower than its crest velocity which 
distorts the wave. The crest and wave velocities are a function of depth, thus adding 0.5m 
of water depths as can be seen on day 176 in Figure 49 decreases the difference between 
crest and trough velocity, thus decreases the amount of energy transferred to the M4. 
Overall higher water levels in the model also results in less energy dissipation due to 
bottom friction which explains the lower M6 amplitudes. 
The modeled velocity amplitude and phase at this station compares well to observed 
values, despite the difference in water level. With an M2 amplitude of 0.7m/s compared 
to observed amplitudes between 0.43 and 0.55m/s, it is well within acceptable error 
margins between modeled and observed data, such as an error limit of 26cm/s as given in 
NOAAs Model Evaluation Environment (MEE) (Patchen, 2007). More energy was 
transferred into M4 and M6 due to the overestimated velocity amplitude in the model. 
Figure 52 shows the observed velocity and water level time series for a 90 day period. It 
can be seen that significant changes in velocity occur only during strong subtidal events, 
such as on day 135. Throughout less subtidally influenced periods the tidal range 
fluctuates within the same range as the difference between modeled and observed water 
levels without significantly influencing the total velocity magnitude, which could explain 
why the velocity result is reasonable at this station. Station BBC1 was located in a 
straight stretch of the creek close to measured cross sections. The bathymetry here was 
more reliable, leading to better results as compared to BBC3. 
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Table 3: Tidal Constituents and ratios modeled vs. observed for station BBC1 
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Figure 52: Observed water level vs. velocity 2008 at station BBC1 
 
 
 
Despite the existing errors in amplitudes, the M4/M2 amplitude ratio compares well to 
observed ratios, while the M6/M2 ratio is slightly over estimated. 
  
The harmonic constituents of 2009 water level at Taylors Bridge and Blackbird Landing 
are comparable to the 2008 results (Figure 53). Though the M2 amplitude is better 
because of higher low water levels in 2009 compared to 2008, it also shows that not 
enough energy is transferred to the M4 and M6. It can also be observed that a larger 
phase shift between modeled and observed water levels develops the further the tidal 
wave travels upstream. 
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Figure 53: Tidal Constituents and ratios modeled vs. observed for stations Taylors Bridge 
and Blackbird Landing 
 
 
 
The overestimated low water in the model suggests that too much volume stays within 
the tidal channel during low tide. The better match in high water levels suggests that once 
the water is allowed to flood the marsh platforms and spread out, the incoming volume 
matches observed conditions. A possible reason was disregarding small tidal channels 
that could not be resolved by the grid, thus removing volume from the system. The 
surface area of the unconsidered channels was estimated using their outline polygons. 
With an estimated depth for small channels the missing volume was calculated, and 
respective extra volume provided as basins at the end of larger tidal channels. While it 
slightly improved the results, it did not solve the main issue. Several sensitivity tests with 
higher and lower roughness values in the channel were performed, which all resulted in 
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only small changes of the overall water level. The tidal range was expectedly sensitive to 
deepening of the channel bathymetry, but the amount necessary to significantly improve 
the tidal range was beyond the expected error margin for bathymetry mesurements. Still, 
errors in the bathymetry are likely part of the problem. The boundary condition was ruled 
out as a source of error. Comparisons to water level gauges up and downstream of the 
marsh entrance showed good agreement (see Chapter 4.1.3.2), as did comparisons of 
water level results within the Bombay Hook marsh, which was driven boundary 
conditions extracted from the same Estuary Model run (see Chapter 4.3.5.1). Both, the 
Blackbird Creek and the Bombay Hook models, were set up in the same way. The biggest 
difference was the quality of LiDAR data for the marsh platforms. The Bombay Hook 
data was measured during low tide to ensure the highest possible number of ground hits, 
and was corrected for vertical error due to dense vegetation by LiDAR specialists. The 
Kent-New Castle data used for Blackbird Creek included a high vertical error above 
vegetated areas and needed additional correction. It is assumed that the correction of 
LiDAR data on vegetated platforms was likely too conservative, especially further inside 
the marsh where the platform is close to mean sea level. The course grid resolution, 
compared to the small features on an actual marsh platform, might produce an additional 
error by providing a continuous step up to the marsh; whereas in reality many small 
gullies and furrows exist that allow water to flow to the lower interior of the marsh before 
the whole platform is actually flooded. 
Part of the problem lies with the model itself. Infiltration is disregarded, which accounts 
for some volume. More importantly, in shallow areas bottom friction becomes more 
important as an influencing factor. Especially with coarse resolutions cell average depths 
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and velocities can lead to an overestimation of roughness, Lowering the friction 
coefficients is generally used for calibration purposes (Volp et al., 2013). Already in 
larger systems, such as estuarine models, the quality of water level and velocity results 
degrades with decreasing water depths and size of the river cross section, as can be seen 
in results of the Delaware MEE (Patchen, 2007, Stammermann and Piaseeki, 2010). This 
is even more important for the very shallow environment of tidal marshes.  
 
4.2.5.2 Influence of Vegetation on sediment transport 
Simulations with an early version of the model vividly showed the sensitivity of sediment 
redistribution on roughness conditions and also revealed model short comings that did not 
emerge for morphodynamic studies in rivers and coastal areas before. The results are 
presented in Figure 54. At the top the scenario for non-vegetated flats with a roughness 
representing sandy bottoms can be seen. Red areas mark erosion and blue areas 
deposition after a simulation time of three days. Strong sediment redistribution occurred 
throughout the system especially along the edges of tidal flats. This pattern is not 
surprising given that currents can rush from the channel onto tidal flats without much 
resistance. Accordingly, sediment redistribution was concentrated more in the tidal 
channels after roughness was increased on tidal flats to consider vegetation (Figure 54, 
bottom). Due to the higher roughness, energy was dissipated when water flooded the flats 
reducing velocities. While the results made sense qualitatively, quantitatively the reaction 
was much stronger than anticipated. In some locations on tidal flats strong erosion 
occurred even for the case with vegetation. On a more detailed analysis of the 
hydrodynamic results, it turned out that when the tidal flats fell dry, extreme velocities 
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occurred in remaining “puddles” that developed in depressions on the flats. Such 
behavior is unrealistic because water depth approaching the shoreline typically decrease 
gradually leaving model elements beyond the water front dry. However, when the tidal 
flats were flooded for the first time, depressions filled with water that could not run off 
during ebb tide. A minimum water depth signals the model when an element is supposed 
to fall dry and become hydrodynamically inactive. Since the minimum depth condition 
was not fulfilled, elements were still considered active, resulting in erroneous 
hydrodynamic conditions. Hence, the model needed to be upgraded to handle this 
condition. Simulations with a new version of the model resulted in less sediment 
redistribution on a more realistic scale (Figure 55), with more sediment redistribution on 
tidal flats, especially along the edges, for the non-vegetated case (top). Considerable 
redistribution was still expected in tidal channels due to the nature of the initial 
bathymetry generated by interpolating whole stretches between measured cross sections. 
The model allows the bathymetry to adjust to the existing hydrodynamics especially in 
bends. 
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Figure 54: Erosion/Deposition without (top) and with (bottom) vegetation (early results) 
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Figure 55: Erosion/Deposition patterns without (top) and with (bottom) vegetation after 
model upgrade 
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The dampening effect of vegetation was also confirmed by model results for velocities on 
tidal flats. At the points marked in Figure 56 velocity magnitude and water levels were 
extracted. A channel location was used as a reference point and compared to points on a 
marsh platform with increasing distance to the channel. The furthest point lay 150m 
within the marsh. Figure 57 depicts velocities for each station for model results with 
vegetation at the top, without vegetation in the center, and water levels at these points 
from the vegetation results as a reference for the time of flooding. Horizontal lines mark 
the ground elevation of the respective point when the marsh falls dry. The higher 
roughness parameter representing vegetation on tidal flats led to an immediate drop in 
velocity close to the channel edge. While the velocity reached values of up to 1.4m/s in 
the tidal channel, it dropped to 0.4m/s at the edge and further to 0.1m/s deeper inside the 
marsh. These results compare well to the difference in magnitude between channel and 
marsh velocities stated in the literature. Velocities for the non-vegetated case stayed 
considerably higher with only a slight decrease in velocity for the points close to the 
channel banks. In the marsh interior the velocity did decrease due to shallow conditions, 
but not enough to reach the expected decrease in velocity on a vegetated marsh.  
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Figure 56: Current velocity locations  
 
 
 
 
Figure 57: Current velocity with (top) and without (center) vegetation, water level (with 
vegetation) 
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4.2.5.3 Preliminary sediment transport results 
The following section presents preliminary sediment transport results. Although the 
model was not yet fully calibrated for hydrodynamics, the general ability of the model to 
handle sediment transport can be seen. 
Depending on the local velocity and water depths a shear stress is generated by the flow, 
which, when high enough, leads to resuspension of fine sediments from the bottom. 
Figure 58 and Figure 59 show time series plots of shear stress (tau) and suspended 
sediment concentration (SSC) during neap and spring tide for stations BBC1 and BBC3, 
respectively. The water level time series was added for orientation and is not aligned with 
any axis. It shows the sensitivity between high and low water and its respective 
concentrations. The fact that the model is overestimating low water can also be seen in 
the results for shear stress and SSC. A relatively low shear 0.55-0.65N/m2 was reached 
during neap tide, leading to SSCs of just above 50mg/l. For comparison, observed SSC at 
this site ranges from 200-240mg/l during neap and 220-260mg/l during spring tide, yet it 
has to be taken into account that low water was lower in general for the 2008 period 
compared to the 2009 model period (see Figure 47 and Figure 49). An increase in shear 
stress and SSC in the model can be expected when low water reaches it observed levels, 
thus a better performance of the sediment model depends on adequate hydrodynamic 
results. 
This is very evident for the results at station BBC3. The prior described over estimated 
velocities at this location resulted in shear stresses ranging from 1.25-2.5N/m2 during 
neap and 3-5N/m2 during spring tide, which by far exceeded naturally expected shear 
stresses that range around 1N/m2 in sandy environments (Friedrichs, 2011).  
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Consequently, SSCs reach up to 350mg/l and during neap and up to 500-700mg/l during 
spring tide (Figure 59). Observed suspended sediment at BBC3 only reached 
concentrations of 70-90mg/l. Analysis of the modeled bottom evolution near the station 
showed a high tendency of deepening, another hint that the depth in this area was under 
estimated in the initial bathymetry. 
 
 
 
 
Figure 58: Shear stress, SSC, and water level (for orientation only) during neap and spring 
tide at BBC1 
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Figure 59 Shear stress, SSC, and water level (for orientation only) during neap and spring 
tide at BBC3 
 
 
 
The model captures as well the sensitivity of sediment transport to tides. In Figure 60 it 
can be seen that shear stress and SSC vary with changing water elevations, resulting in 
higher magnitudes during spring tide. In Chapter 4.2.3 it was shown that the model was 
able to successfully match the observed SCC magnitude in 2003 and scenarios with high, 
medium, and low SSC in the Delaware River as a changing boundary condition for 
sediment transport into the marsh were modeled. The results confirmed that the amount 
of sediment transported within a marsh primarily depends on local bottom sediment 
inventory and the tidal period. All scenarios resulted in virtually identical SSC 
magnitudes within the marsh, showing no influence of river concentrations on marsh 
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conditions beyond the mouth of the marsh during normal tidal situations. Different results 
could be expected for extreme events during storms that include a set-up of water levels 
due to sub tidal effects, which could lead to more transport into the marsh from the river. 
 
 
 
 
Figure 60: Tidal variability of sediment transport at BBC1 
 
 
 
An adjustment of bottom elevation was seen throughout the model area, especially in 
sharp bends. Figure 61 shows the bottom evolution and water level elevations on the 
inside, outside and the center of a bend. Secondary currents are a 3-dimensional 
phenomenon that leads to deepening of the outer edge of bends and deposition of 
sediments on the inside. Interpolating the bathymetry between measured cross sections 
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often under estimated this bottom slope, but the model was able to adjust the bathymetry 
within 3 to 4 days, depending on how far the initial bathymetry was off. The bottom 
picture shows the water level slope that established in the bend and initiated the 
secondary current. 
 
 
 
 
 
Figure 61: Bottom elevation adjustment and s lope of water level in channel bend during 
high and low tide 
 
 
 
Overall the largest adjustment happened in bends. Most straight sections showed little or 
no adjustment (neutral in Figure 62). Depending on the quality of the interpolation areas 
with over or under estimated bottom elevations existed, that also adjusted within the first 
3-5 days.  
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Figure 62: Bottom elevation adjustment in depositional, neutral and erosive areas  
 
 
 
4.3 Tracer Study Bombay Hook 
4.3.1 Introduction 
 DNREC and the FWS are concerned about marsh losses in the Bombay Hook NWR (see 
Chapter 1.3.4). Besides the naturally developed tidal channels, several anthropogenic 
changes to the marsh geometry have been made over the past decades, such as the 
construction of connection channels, dikes, and mosquito ditches. These activities are 
thought to have contributed to the loss of sediment from the system. To reduce further 
degeneration of the interior marshes, DNREC and the FWS are considering closing off 
channel sections to control sediment transport patterns in the system to prevent additional 
losses. Without the assistance of a computational model, it is difficult to determine the 
sensitivity of the system to changes in geometry. A solution that seems to be reasonable 
in theory might have unanticipated consequences and further aggravate the problem.  
The high resolution numerical model of the Bombay Hook NWR was used to study the 
proposed geometry changes. To decrease the computational effort a tracer study based on 
hydrodynamics only was used to gain insight into the transport behavior. 
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4.3.2 Grid 
The Bombay Hook marsh system is approximately three times larger than the Blackbird 
Creek system and stretches out along the Delaware Bay instead of reaching far into the 
hinterland. Thus, a significantly larger stretch of 40km of the Delaware Bay was included 
in the mesh. At this location the bay starts to widen resulting in a downstream open 
boundary 25km in length. The number of mesh elements is about 700,000 with a 
minimum edge length of 3m in the tidal channels and a maximum length of 1000m in the 
Delaware Bay (Figure 63). Similar to the Blackbird Creek mesh, a large portion lies at 
the higher elevations that surround the low lying marsh areas.  
 
 
 
 
Figure 63: Final model mesh Bombay Hook National Wildlife Refuge  
(left: bathymetry/topography; right: mesh with forcing polygons) 
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4.3.3 Boundary and Initial Conditions 
In addition to the up- and downstream Delaware River boundaries of the Bombay Hook 
NWR model, a discharge boundary for the Leipsic River was used. Leipsic River is 
considerably larger than the Blackbird Creek but is still small compared to the size of the 
tidal prism. The time period from summer 2009 was used to drive the model because of 
the availability of existing measurements of water levels within the marsh system. 
Boundary and initial conditions for water level and currents with the Delaware Estuary 
model as described for the Blackbird Creek model in Chapter 4.2.3. The USGS discharge 
gauge at Leipsic River was discontinued in 1957 and the boundary condition for the 
model was based on long term monthly statistics using an average daily discharge based 
on measurements taken from 1931 to 1957. Bottom roughness was set to kst=48m
1/ 3 s−1/ 
2in deep water and kst=15m
1/ 3 s−1/ 2 in vegetated areas. 
 
4.3.4 Scenarios 
Figure 17 depicts the areas of interest. An artificial channel (circled) that connects tidal 
channels in the marsh interior to the open bay seemed to be a route for sediment to leave 
the marsh system instead of entering the marsh‟s interior. In a „what-if‟ scenario this 
channel was removed and the resulting changes to currents and transport patterns 
compared to the original condition. 
A second modification considered was a channel connecting the Leatherberry Flats to the 
Leipsic River offering a possible transport path through the river into Delaware Bay. 
Three possible solutions to disrupt transport to the Leipsic River weree examined: a) 
blockage of the channel at location 1, b) blockage at location 2, and c) blockage at both 
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locations. For these scenarios tracer particles were released at the location marked in 
Figure 17 and their paths compared to the original condition. 
 
4.3.5 Results 
4.3.5.1 Model validation 
Water level observations for the Bombay Hook NWR were available at Leatherberry 
Flats in the center of the marsh and at the Dock Site, located in a sharp bend of the 
Leipsic River close to the edge of the main marsh area (Figure 17). Despite a mostly 
artificially generated bathymetry based only on a relatively small number of cross 
sectional depth measurements, the modeled water levels compared well to observed data 
especially in the area of Leatherberry Flats (Figure 64, top). Total amplitude and phase 
were met within a small range of error. For the tracer study the model was just run long 
enough until most tracers left the system. While amplitudes and phases were met for the 
Dock site station, the shape of the tidal curve deviated from observed data. The modeled 
ebb tide branch was steeper and more skewed in shape than the observations (Figure 64, 
bottom). 
The Dock site station is located in a sharp bend and the bathymetry, including the bottom 
slope due to secondary currents, was interpolated between cross sections. Local errors in 
water depths could play a part. At both stations energy was adequately transferred to the 
M6, but not to the M4 (Table 4), another sign for issues with the initial bathymetry. 
However, an analysis of maximum shear stresses in this area did not reveal any extreme 
values, a sign of larger errors in the initial bathymetry. In areas of high shear stress, 
erosion would occur in the morphodynamic analysis and lead to adjustment of any 
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inaccuracies in the bathymetry. No bathymetric data upstream from the Dock site station 
was available for the Leipsic River. Water depths for the section up to the model 
boundary were extrapolated based on measurements for the river between the station and 
the mouth at the Delaware Bay which constitutes another possible source of error 
influencing the water level at this section.  
The direction of circulation in the marsh during ebb and flood tides matches observations 
from DNREC and FWS (personal communication with Robert Scarborough, Mike 
Mensinger). Based on these findings the numerical model adequately represents the 
hydrodynamic conditions in the marsh giving credence to the results of the following 
tracer experiments as a sensitivity study. 
 
 
 
 
 
Figure 64: Water level Observed (grey) vs. Model (black) 
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Table 4: Tidal constituents water level Observed vs. Model for Bombay Hook stations  
 
 
 
 
4.3.5.2 Hydrodynamic changes due to alteration of channel geometry 
Northeast of the Bombay Hook NWR interior marshes where marsh losses occur a man-
made channel connects the Delaware Bay directly to the tidal channels of the marsh‟s 
interior (Figure 17). DNREC believes that while this channel has been part of the marsh 
system for decades it might be contributing to the marsh loss. Based on visual 
observations it appears that sediment transported from the tidal flats south of it leaves 
through this channel to the bay. As a test scenario the channel was removed from the 
hydrodynamic model and the changed hydrodynamics compared to the existing condition 
as represented in the model. In Figure 65 ebb current vectors that increase in size with 
increasing velocities are shown within the channels and mudflats. The darker the vector 
cloud appears, the stronger is the current velocity in these sections. The connection 
channel visibly carries considerable flow out into the bay. The color scale shows the 
height of the water surface, brown areas show elements that fell dry. When the channel 
was removed, flow through the tidal channels was redistributed, more flow occurred in 
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the main channels north and south of the flats and reducing the flow in some sections of 
the flats (Figure 66). It is doubtful whether removing the channel would significantly 
change sediment transport out of the flats. This conclusion will be supported in the 
following chapter. 
 
 
 
 
Figure 65: Current vectors in original condition 
 
Figure 66: Current vectors without channel 
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4.3.5.3 Tracer studies 
Scenario 1 – transport in northern mudflats 
To obtain information on transport patterns in the vicinity of the mudflats tracer studies 
were performed. Tracers are transported with the flow and do not have physical 
properties; therefore, they do not behave exactly like sediment particles which can settle 
and resuspend depending on flow conditions, thus will not provide information about the 
amount of sediment transported. However, tracers are a good indicator of the general 
transport directions. They can be generated very fast at various starting points, contrary to 
the relatively slow progression of the morphodynamic model. For Scenario 1a (Figure 
67) tracers were released within the northern tidal flats (A and B) that are experiencing 
losses. Especially the smaller mudflat (B) has been growing rapidly within the last 
decade, as described in Chapter 1.3.5, Figure 5. The tracers were followed until most of 
the tracer particles were transported into the bay. Figure 67 and Figure 68 show the 
resulting tracer paths. The overview window in the upper left corner shows the locations 
where tracers were released and the color scale shows the bottom elevation in the flooded 
channels and mudflats. Particles traveling within the larger mud flat (A) eventually 
reached the main channels and were transported to adjacent smaller channels. The 
particles released in the smaller flat (B) left this area and no particles found their way 
back into it. This causes this area to deteriorate more quickly over time (Figure 67). The 
reason for this is its location within the wide turning channel bend which promotes 
particle travel on the outside of the channel and prevents them from reaching the entrance 
to the mud flat. Over time new tidal channels can establish on tidal flats, as is the case 
here. They start as shallow furrows that are preferred by draining water, thus continue to 
grow into ditches and eventually channels if nothing prevents further erosion. The more 
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the ditches that connect the flat interior to the adjacent channel establish, the more flow 
will get through this area during flood, further speeding up the erosion process. It also 
became clear that the previously studied connection channel does not carry as many 
tracers out of the system as was assumed. An additional release of tracers directly at the 
mouth of the channel in the bay (Scenario 1b) confirmed that many of the particles were 
actually transported into the marsh system from the bay through the connection channel 
(Figure 68).  
Results of this scenario supported the usefulness of numerical studies as a tool for 
decision making. By just visually studying the channel network of the Bombay Hook 
marsh, the connection channel immediately attracts attention. Connecting the inner tidal 
channels directly to the bay, it seemed likely to act as a possible sink to sediments in the 
marsh. Visualizing the probable pathways of tracers through the channel though let to 
reconsideration of the channels influence. Contrary to expectations, the channel seemed 
to allow more transport into the marsh interior than out of it. Once hydrodynamic results 
of a marsh model are ready, tracer studies are a quick way to analyze a variety of 
scenarios and to understand the general transport ways in an entire marsh system better. 
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Figure 67: Scenario 1a – Tracer release inside mudflats  – paths after seven tidal cycles  
 
 
 
 
Figure 68: Scenario 1b – Tracer release in bay - paths after seven tidal cycles   
 
B 
B 
A 
A 
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Scenario 2 - transport in southern mudflats 
In addition to the more apparent losses in the northern mudflats, the southern flats also 
show first signs of marsh loss (area around tracer release location in Figure 17). Some 
areas west and southwest of the large northern mudflat were impounded and a channel 
built along these dikes that connect Leatherberry Flats directly to the Leipsic River in the 
south. According to DNREC and FWS this channel could be a major pathway for 
sediment leaving the marshes interior. They are considering blocking this channel to 
stabilize the marshes. However, it is difficult to determine the best possible location for 
the channel closure. To determine how sensitive the system is to changes in geometry and 
to find the best solution, three scenarios were analyzed (see depiction of scenarios in 
Figure 17). In Figure 69 the resulting tracer paths from a release within the mudflats are 
shown. For the existing conditions the majority of particles quickly reached the 
southward channel to Leipsic River from whence they were transported to the Delaware 
Bay and lost from the marsh system (Figure 69, original). Closing the channel south of 
each connection to the mud flats (Block 1, Figure 17) prevented any transport to the 
Leipsic River. However, while the initial residence time in the mud flats was long, the 
particles eventually were transported out of the system through the northern connection 
channel. This channel gained importance by inhibiting flow to the south (Figure 69a). 
Blocking the southern channel connection closer to Leatherberry Flats (Block 2, Figure 
17) prevented particles that reached Leatherberry Flats from traveling south while still 
letting particles escape through the southern connection to the Leipsic River (Figure 69b). 
The final case of closing the complete section between locations 1 and 2 gave the best 
results. Most particles resided for a longer time within the mud flats and only few were 
transported out of the system to the bay (Figure 69c). While these tests only show one 
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scenario for a specific period in time, it emphasizes how sensitive the system is to small 
changes in geometry. More tests with different scenarios and hydrodynamic situations are 
necessary before a final decision can be made and all possible consequences are 
considered.  
 
 
 
 
Figure 69: Scenario 2 –Tracer paths for channel closure scenarios: a) Block 1, b) Block 2, c) 
Block 1-2 
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CHAPTER 5: DISCUSSION AND CONCLUSIONS 
Because of their great complexity and need for input data, highly resolved numerical 
models of marsh systems are rare. None existed for marshes in the Delaware Bay. 
Marshes in this region are increasingly stressed by environmental and anthropogenic 
factors and a better understanding of their functioning is needed to effectively manage 
and maintain existing marshes and to restore those already damaged. The present 
research focused on developing high resolution numerical models of marsh systems at the 
Blackbird Creek Reserve and the Bombay Hook National Wildlife Refuge to provide a 
tool that makes detailed studies of sediment transport processes in marshes possible.  
The main constraint for conducting the research was limited resources for the acquisition 
of data for model set up and forcing. Marsh-wide monitoring to provide sufficient data 
was not possible so most of the data were obtained from online sources and monitoring 
programs from institutions involved in research at the two marshes. Boundary condition 
data were generated using a model of the entire Delaware Estuary. Hydrodynamic 
numerical models of the Delaware Estuary have a long history, and data to set up a model 
for this region is readily available online from sources such as NOAA and USGS. The 
decision to force the ocean side of the estuary model at the capes led to a realistic 
representation of hydrodynamic conditions in the bay that included tidal and subtidal 
variations through application of observed tide data from gauges at Cape May, NJ, and 
Lewes, DE. The preparation of initial conditions to generate a realistic physical 
representation of the marshes themselves emerged as the main problem. Obtaining 
adequate topographic and bathymetric data was the first obstacle in the mesh 
development process. It was assumed that LiDAR data, known to be available for the 
 
134 
 
marshes, could be used directly to determine the topography of tidal flats. However, 
dense vegetation that covers the marshes throughout the seasons led to significant errors 
for bare ground elevations on tidal flats. Even a LiDAR data set commissioned by 
DNREC that was explicitly performed to determine the topography of the Bombay Hook 
NWR possessed considerable vertical elevation errors in areas of dense vegetation. 
Hence, one objective for this study was to develop methods to adjust the LiDAR 
elevation data for errors. To determine a correct adjustment factor for the entire marsh 
area, it would be necessary to collect bare ground elevations at reference points all over 
the marsh. However, most marsh areas were highly inaccessible and a sufficiently strong 
signal for the RTK to work properly was not always available. The adjusted topography 
used for the present model appears to have been adequate for the purpose of this study; 
but, to fully validate the model additional reference points would have been needed, as 
the poor model results for Low Water in the Blackbird Creek showed. Similar problems 
emerged for the bathymetric data set. High resolution bathymetric data for the marsh 
systems were not available. At the time of bathymetry data collection for this study only a 
handheld sonar system was available for measurements of cross section profiles. While 
interpolation between the cross sections provided adequate data to represent most tidal 
channels, much of the bathymetry was based on estimates. The cross sections measured 
did not provide enough information to cover the entire tidal channel network and 
contributed to initial bathymetric errors in sharp bends where secondary profiles were not 
adequately represented by interpolation. Very shallow channels and deep channels 
bisecting the wider mudflats were mostly out of reach even with a small boat. Despite all 
the necessary modifications and estimates, modeled water levels in the marsh interior 
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compared well to observations in Bombay Hook NWR, where cross sections were 
measured in higher density. Using even higher resolved measurements in future studies 
will improve model accuracy. Adequate high resolution can already be accomplished 
using single beam sonar attached to a boat or floater used along a dense net of pathways 
in deeper channels. Such a system eventually became available but too late to be used for 
this research. Acquisition of bathymetric data depends on the resources available for a 
study. It is possible to collect high resolution bathymetric data for deeper channels with 
side scan sonar systems; however, this would likely be very expensive. In any case, some 
degree of estimating channel bathymetry in marshes is inevitable due to their 
inaccessibility. 
Providing initial conditions for the morphodynamic model was accomplished using the 
model itself. Sediment inventories of marshes with the required resolution were not 
available; therefore, the mean grain diameter of sediments was determined based on the 
existing hydrodynamic conditions, thus depend on the quality of the hydrodynamic 
results. Areas with higher velocities and thus higher shear stress exhibited coarser bottom 
sediments, whereas areas with dampened flows, such as on marsh platforms, settling of 
finer sediments is encouraged. Initial model results showing erosion and deposition 
patterns provided information on erroneous initial conditions. Unrealistic bathymetric 
values led to increased deposition or erosion, particularly noticeable in bends where the 
secondary profile was not represented accurately. Outliers often led to instabilities in the 
model that were subsequently manually adjusted. Smaller adjustments were 
accomplished by the model itself when bathymetry adjusted in response to prevailing 
hydrodynamic conditions. 
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Data were also required to verify that the model was producing good results. Water level 
comparisons between model and field for Bombay Hook, for example, emphasized the 
importance of reference data that covers a wide area of the marsh. Based on these results, 
the model performed well in the area of Leatherberry Flats but showed room for 
improvement in the Leipsic River. It is not possible to ensure good accuracy for 
simulations beyond sensitivity studies for areas as large and complex as these based only 
on a few snapshots. 
To resolve the complex tidal channel network, a model system was chosen that uses 
triangular elements for the mesh. One downside of unstructured numerical models of this 
size and resolution is poor computational efficiency. For the present model, high 
efficiency hardware such as fast processors will increase model efficiency only to a 
limited degree. The same applies for the number of processors that can be used. Only 
limited computational efficiency can be obtained by distributing the workload over 
several processors. The main limitation results from the model time step necessary to 
satisfy the Courant condition. The time step needs to be small enough that a particle 
flowing at a certain velocity will not travel further than to the adjacent grid point. To 
ensure this either the model elements need to be large enough to allow for higher 
velocities or the time step needs to be respectively small. In MARINA the modeler has no 
choice of the time step. MARINA uses variable time steps that reduce the time step enough 
to satisfy the Courant condition in each element. Resolving tidal channels of at least 10m 
with a minimum of three elements, led to small distances between nodes and thus small 
time steps. Therefore, it took two to three days of computer time to produce one day of 
hydrodynamic and morphodynamic results for the Blackbird Creek model. It took almost 
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as long to produce one day of hydrodynamic results alone for the significantly larger 
model of the Bombay Hook NWR. The optimal number of processors was determined by 
benchmark tests. Although the CUNY super computer could have provided more parallel 
processors, simulations with four processors provided the best efficiency. It was mesh 
resolution that slowed down the model. To further improve computational efficiency 
while maintaining resolution it is necessary to advance the model itself or to find a model 
system that is better equipped for simulating marsh processes.  
The vegetation sensitivity study for the Blackbird Creek model showed the need for 
considering the effect of plants on tidal flats. Vegetation is important in modeling marsh 
systems because it influences sediment transport on tidal flats through dampening of the 
flow. Without consideration of vegetation, excessive erosion along edges and on tidal 
flats occurred. Initially it was contemplated to improve the chosen model system for the 
use on marsh simulation by implementing a more physically based approach to consider 
vegetation in the model. These approaches determine the energy dissipation due to drag, 
diffusion, and turbulence of flow around plants by taking into account vegetation density, 
stem diameter, and plant height. However, implementation of such a module would 
require the need for high resolution input data. A survey of the full marsh with respect to 
plant density and stem diameters was not feasible at this point. A test of the model‟s 
ability to simulate the effect of vegetation parameterized as bottom roughness provided 
adequate results for the present study. Erosion and deposition patterns as well as the 
dampening of velocities marsh platforms occurred as expected based on literature. 
Suspended sediment studies with the Blackbird Creek model revealed factors influencing 
SSC and sediment transport rates in the marsh. The main factor controlling SSC in tidal 
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channels are hydrodynamic conditions, be they influenced by tidal fluctuations (such as 
the spring-neap cycle) or by local conditions such as changing bathymetry and 
development of the characteristic bottom slope due to secondary currents in sharp bends. 
Current velocities are the determining factor for shear stress at the channel bottom which 
in turn determines the resuspension of sediments. Comparisons to observed velocity and 
SSC data at two stations within the Blackbird Creek marsh showed the importance of 
good initial conditions. Overall the model over estimated low water within the marsh, 
suggesting that too much volume is constricted to the tidal channels. This problem did 
not occur for the Bombay Hook model. The reason for this is likely the larger uncertainty 
within the LiDAR data and a too conservative adjustment of vegetation error in the 
Blackbird Creek model. The model produced reasonable velocities and SSC at BBC1. 
Errors at this station were mainly a result of the volume problem. The model results at 
BBC3 suggested an additional error due to faulty initial bathymetry in this area. The 
models‟ deviation from observed SSC was a direct result from errors in the 
hydrodynamics, which in turn occurred because of an insufficient quality of elevation 
data on marsh platforms and in tidal channels. Simplifications and assumptions for the 
development of topographical and bathymetrical initial conditions have to be made with 
care. In any case, higher resolution data will improve model results. Analysis of bottom 
elevation development at several nodes confirmed the model‟s ability to adjust to 
assumed initial bathymetric conditions within 3 to 4 days of modeled time, and 
conditions in channel bends support the validity of the secondary current approach for 2-
dimensional simulations. 
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The tracer studies in the Bombay Hook model are a good example for practical 
application model needs for marsh management and maintenance. The results showed 
how sensitive the system is to small changes in proposed channel closure locations and 
proved that to prevent sediment from leaving the system it is not sufficient to simply 
block a channel at some arbitrary location. Although the two tested closure locations 
were relatively close to each other, only a combination of both closures sufficiently 
changed the conditions to cause a longer tracer residence time in the marsh interior. The 
model alone should not be used to make a definite decision because of the 
aforementioned lack of reference data to fully verify the model‟s accuracy. However, the 
present findings narrow down the possible options and provide some level of confidence 
that this is a potential solution. Based on these initial results further studies to finalize the 
solution can be developed. 
To compensate for the lack of observational data, methods were developed to fill gaps 
and account for systematical errors in LiDAR data due to dense vegetation on tidal flats. 
Model results are only as good as the data used for model forcing. The more that 
processed data are substituted for actual measurements, the higher the probability that the 
model provides erroneous results. Lack of reference data for currents and water levels in 
the marsh interior made it difficult to fully validate the models. For the present research 
sensitivity studies were performed; hence, the uncertainty of not having a fully validated 
model was deemed acceptable.  
The current version of the MARINA model system did not perform efficiently for models 
of the size and resolution of the present study. Improvements or a different model system 
are required to model significant time periods. Most model errors in comparison to 
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observed data can be attributed to insufficient accuracy of initial elevations on marsh 
platforms and in tidal channels. Yet, shallow water systems pose a challenge to prevailing 
hydrodynamic modeling systems and further improvement is necessary that includes 
better ways of modeling marshes more efficiently on a higher resolution, as well as the 
incorporation of processes that are essential for marshes, such as a more physical 
representation of vegetation and interaction with ground water. 
In conclusion, the present research demonstrates that high resolution models of marshes 
for a variety of applications are useful for marsh research and management. The biggest 
challenge for marsh modeling is the lack of boundary and initial conditions to ensure high 
quality model results. Obtaining enough data for this study which determined marsh 
sediment transport based only on hydrodynamics was already challenging. Models that 
incorporate better representations of vegetation, both above and belowground, the 
influence of bioturbating and stabilizing organisms, biological and chemical processes, 
will certainly improve the representation of real marsh processes, but also further 
increase the need for data.  
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CHAPTER 6: SUMMARY 
 
6.1 Summary 
To show the need and value of numerical simulations for studying marshes, a detailed 
literature review of previous marsh research was conducted with special emphasis on 
marshes in the Delaware Bay and Estuary. Changes in the environment exert stress on 
marsh systems and can lead to marsh degradation. The review revealed that much 
research is under way to further the understanding of marsh development and that high 
resolution numerical models can be a valuable tool to study marsh processes in a detail 
impossible to attain with only field and laboratory studies. The main objective of the 
present research was to develop such a model to describe selected marshes in the 
Delaware Bay. 
Two marsh systems were selected based on the availability of monitoring data, support 
for additional field surveys and the condition of the marshes: the Blackbird Creek 
Reserve and the Bombay Hook National Wildlife Refuge, both in Delaware. Both 
marshes have experienced losses over the past decades. The interior marshes of the 
Bombay Hook NWR have experienced increased levels of erosion in the past years. 
Boundary conditions to force the numerical marsh models were generated using a 
numerical model of the entire Delaware Estuary. A skill assessment of the model system 
MARINA was performed using NOAAs Delaware Bay Modeling Evaluation Environment. 
MARINA performed well in comparison with similar models developed for the Delaware 
Estuary, and was used for the present research.  
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A major task in developing the marsh models was the generation of high resolution 
meshes that include tidal channels up to the third order. High resolution data for 
topography and bathymetry of the study area were required. Methods were developed to 
adjust for inaccuracies in elevations in the existing LiDAR data and to create bathymetric 
data for tidal channels based on a limited number of cross section measurements. Forcing 
polygons were used to specify channel locations and mesh resolution, allowing for quick 
adjustments of the mesh to changes in geometry or resolution. 
The Blackbird Creek model was used to test the models ability to successfully reproduce 
the hydrodynamics within a marsh, to conduct sensitivity studies on the influence of 
vegetation on erosion and deposition patterns on tidal flats, and to study the effect of 
suspended sediment concentrations (SSC) in the Delaware Bay on sediment budgets in 
the marsh and the exchange of sediment between the marsh and bay. The vegetation 
study revealed how important the appropriate representation of vegetated tidal flats is to 
simulate sediment transport in marshes. Erosion and deposition patterns as well as 
velocities on tidal flats were significantly influenced by vegetation. 
Analysis of SSC in the marsh interior revealed that the distribution of SSC is influenced 
mainly by hydrodynamic conditions such as tidal fluctuations and channel geometry. 
Errors in water levels and velocities were largely attributed to insufficient initial elevation 
data, thus also leading to respective errors in sediment transport. SSC in the Delaware 
River did not influence the conditions within the marsh for the modeled time period. 
Model runs for the Bombay Hook model were used to study tracer movement for 
different changes in channel geometry. The sensitivity of the marsh to modifications was 
studied by eliminating a major existing channel and comparing the resulting flow field 
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and tracer movement to conditions in the actual marsh. Tracer studies were used to 
determine the best location of a proposed channel closure to prevent sediment loss from 
the interior marshes where most losses occur. This study demonstrated the benefit of 
model simulations as an aid in decision making for projects in marsh management and 
maintenance. 
 
6.2 Future Outlook 
The present research provided an initial glimpse into the possibilities of using numerical 
simulations to describe marsh systems. Furthermore it identified a range of obstacles that 
need improvement to make marsh simulations more feasible, effective, and reliable. 
Improvements are necessary not only for the model system but also for the availability 
and quality of data to both develop and verify the model. 
Given that resources and man-power are available for future studies, the following 
improvements are suggested: 
 Collection of more reference elevation points in order to improve existing 
LiDAR data sets, 
 Usage of raw LiDAR data sets and methods developed specifically for vegetated 
areas in order to filter out real ground elevations, 
 Conduction of short term monitoring campaigns for water levels and currents at 
several stations distributed in the study area to provide sufficient validation data 
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It would be an overall major improvement for the marsh research community if better 
methods to determine bare ground elevations on vegetated marshes from LiDAR data 
were available. It is a common point of interest at conferences and workshops. Plans to 
provide better bare ground data for marshes and wetlands are currently under way. The 
model results proved that a certain accuracy of elevation is essential for modeling 
success. 
 
 To improve model efficiency for large study areas, different solutions are possible: 
 Improve the model‟s parallel processing capabilities, 
 Model domain decomposition, which splits the model area into smaller sub 
domains that operate independently and communicate via the newly established 
sub-boundaries 
 Subgrid modeling, a promising new approach that uses a coarse grid, but allows 
the calculation of fine-scale velocities associated with high resolution bathymetry 
data that is provided on a separate grid (Walters, 2011, Casulli and Stelling, 
2011, Volp et al., 2013) 
 
The future of marsh models should incorporate all significant processes that govern 
marsh development. This includes but is not limited to: 
 Physically based approaches to model vegetation 
 Above and below ground production to simulate organic marsh growth besides 
sediment accretion 
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 Water quality parameters, which influence the organic production 
 Groundwater flow 
Yet, forcing models of such detail also requires comprehensive data sets to steer all 
processes. 
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APPENDIX A: Model Evaluation Results MARINA 
 
Table A1: Harmonic Analysis Water Level 
 
 Astronomical Tide Only  Hindcast 
 Prediction ADCIRC MARINA  Prediction FVCOM MARINA 
Const Amp Phase Amp Phase Amp Phase  Amp Phase Amp Phase Amp Phase 
 [m] [deg] [m] [deg] [m] [deg]  [m] [deg] [m] [deg] [m] [deg] 
Brandywine Shoal Light record length [d] 108   record length [d] 159  
M2 0.720 37.19 0.754 56.11 0.809 27.69  0.744 11.57 0.785 8.10 0.767 1.55 
S2 0.119 54.05 0.131 58.05 0.145 53.77  0.119 33.50 0.141 25.19 0.143 20.68 
K1 0.107 190.92 0.085 188.79 0.087 186.89  0.112 187.19 0.107 174.77 0.101 174.80 
M4 0.008 143.92 0.005 284.03 0.006 154.01  0.011 75.89 0.009 143.83 0.007 118.37 
O1 0.084 189.80 0.077 215.57 0.079 186.79  0.081 174.76 0.076 186.07 0.076 183.57 
M6 0.004 51.09 0.003 140.17 0.002 358.55  0.003 351.03 0.005 221.92 0.007 188.47 
L2 0.025 31.81 0.020 56.64 0.018 0.01  0.033 26.85 0.020 20.30 0.019 347.06 
Trenton  record length [d] 108   record length [d] 169  
M2 1.100 221.21 1.136 218.69 1.193 203.83  1.117 195.55 1.332 170.97 1.175 179.93 
S2 0.133 265.27 0.148 239.98 0.158 248.88  0.113 231.51 0.169 206.95 0.165 218.31 
K1 0.111 301.32 0.088 274.37 0.096 278.95  0.121 284.63 0.112 254.12 0.110 265.43 
M4 0.173 359.39 0.276 23.12 0.312 348.60  0.200 304.89 0.332 288.10 0.283 305.48 
O1 0.083 282.79 0.077 292.39 0.084 270.07  0.090 271.00 0.084 259.47 0.084 264.95 
M6 0.078 47.20 0.080 48.03 0.047 0.47  0.088 332.13 0.073 300.67 0.048 255.48 
L2 0.167 241.54 0.104 215.84 0.107 216.59  0.146 203.69 0.168 166.03 0.137 177.14 
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Table A2: Harmonic Analysis X-Velocity 
 
 Astronomical Tide Only  Hindcast 
 Prediction ADCIRC MARINA  Prediction FVCOM MARINA 
Const Amp Phase Amp Phase Amp Phase  Amp Phase Amp Phase Amp Phase 
 [m] [deg] [m] [deg] [m] [deg]  [m] [deg] [m] [deg] [m] [deg] 
#23 record length [d] 108   record length [d]   
M2 0.157 175.90 0.153 179.41 0.191 152.24  0.063 162.77 0.223 153.94 0.197 151.92 
S2 0.038 186.89 0.025 186.40 0.032 183.03  0.021 194.03 0.039 179.64 0.032 174.85 
K1 0.011 306.98 0.009 298.02 0.010 291.51  0.009 313.45 0.014 285.28 0.013 298.01 
M4 0.005 143.60 0.011 153.29 0.014 97.87  0.003 115.42 0.001 233.79 0.011 60.79 
O1 0.013 298.47 0.007 321.74 0.009 287.21  0.002 281.58 0.008 292.82 0.008 299.58 
M6 0.001 131.35 0.010 24.82 0.010 314.66  0.002 207.40 0.005 356.64 0.012 331.56 
L2 0.008 269.20 0.008 173.86 0.009 161.60  0.009 224.07 0.009 130.31 0.012 163.44 
#54 record length [d] 108   record length [d]   
M2 0.171 129.38 0.155 132.16 0.257 119.01  0.196 136.85 0.206 121.92 0.274 125.09 
S2 0.027 193.84 0.021 153.80 0.035 164.20  N/A N/A N/A N/A N/A N/A 
K1 0.002 172.67 0.006 192.28 0.011 199.29  0.012 227.93 0.013 188.53 0.022 181.16 
M4 0.056 243.54 0.074 289.78 0.132 257.97  0.091 272.02 0.097 257.31 0.130 275.15 
O1 0.010 153.21 0.005 211.26 0.009 191.47  N/A N/A N/A N/A N/A N/A 
M6 0.031 282.38 0.032 323.04 0.029 281.37  0.046 336.92 0.048 319.00 0.033 286.43 
 0.004 173.06 0.015 128.60 0.023 130.77  N/A N/A N/A N/A N/A N/A 
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Table A3: Harmonic Analysis Y-Velocity 
 
 Astronomical Tide Only  Hindcast 
 Prediction ADCIRC MARINA  Prediction FVCOM MARINA 
Const Amp Phase Amp Phase Amp Phase  Amp Phase Amp Phase Amp Phase 
 [m] [deg] [m] [deg] [m] [deg]  [m] [deg] [m] [deg] [m] [deg] 
#23 record length [d] 108   record length [d] 141  
M2 0.629 348.39 0.586 2.88 0.666 336.52  0.260 337.05 0.855 349.38 0.640 336.26 
S2 0.131 7.44 0.103 7.09 0.123 5.17  0.060 9.34 0.137 2.67 0.118 356.68 
K1 0.042 121.49 0.036 122.06 0.041 120.57  0.035 118.33 0.059 119.33 0.046 122.00 
M4 0.052 275.16 0.037 312.62 0.041 255.65  0.026 274.29 0.068 242.68 0.035 249.05 
O1 0.036 118.46 0.031 146.10 0.035 117.63  0.004 92.71 0.039 124.20 0.030 130.84 
M6 0.011 224.71 0.016 202.89 0.007 119.51  0.012 281.42 0.025 273.33 0.008 262.49 
L2 0.053 50.93 0.019 358.61 0.017 337.71  0.049 51.42 0.036 33.31 0.014 315.49 
#54 record length [d] 108   record length [d] 5  
M2 0.029 121.93 0.040 134.18 0.053 120.36  0.032 130.64 0.047 119.51 0.040 118.75 
S2 0.005 186.78 0.005 155.96 0.006 164.67  N/A N/A N/A N/A N/A N/A 
K1 0.003 57.49 0.002 193.68 0.002 193.09  0.004 240.36 0.004 193.89 0.003 164.82 
M4 0.008 249.21 0.019 296.55 0.026 273.15  0.012 287.04 0.032 268.42 0.017 294.50 
O1 0.002 234.81 0.001 212.14 0.002 181.69  N/A N/A N/A N/A N/A N/A 
 0.006 266.64 0.008 314.19 0.007 223.27  0.005 330.28 0.001 52.26 0.010 236.87 
 0.001 172.97 0.004 132.28 0.006 138.85  N/A N/A N/A N/A N/A N/A 
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Table A4: Statistical Metrics Water Level 
 Astronomical Tide O nly Hindcast 
 ADCIRC MARINA FVCO M MARINA 
 
RMSE 
[m] Skill 
RMSE 
[m] Skill 
RMSE 
[m] Skill 
RMSE 
[m] Skill 
Brandywine Shoal Light 0.19 0.97 0.12 0.99 0.14 0.98 0.17 0.98 
Trenton 0.32 0.96 0.49 0.92 0.48 0.94 0.46 0.93 
Table A5: Statistical Metrics X-Velocity 
 Astronomical Tide O nly Hindcast 
 ADCIRC MARINA FVCO M MARINA 
Station 
RMSE 
[m/s} Skill 
RMSE 
[m/s] Skill 
RMSE 
[m/s] Skill 
RMSE 
[m/s] Skill 
#23 0.03 0.99 0.06 0.94 0.16 0.65 0.15 0.65 
#54 0.10 0.87 0.18 0.76 0.11 0.89 0.12 0.90 
Table A6: Statistical Metrics Y-Velocity 
 Astronomical Tide O nly Hindcast 
 ADCIRC MARINA FVCO M MARINA 
Station 
RMSE 
[m/s] Skill 
RMSE 
[m/s] Skill 
RMSE 
[m/s] Skill 
RMSE 
[m/s] Skill 
#23 0.14 0.97 0.11 0.99 0.60 0.67 0.48 0.69 
#54 0.03 0.78 0.04 0.65 0.03 0.79 0.03 0.82 
Table A7: Statistical Metrics Salinity 
 Hindcast 
 FVCO M MARINA 
Station 
RMSE 
PSU Skill 
RMSE 
PSU Skill 
#23 2.97 0.50 4.33 0.39 
#32 3.80 0.63 13.49 0.32 
#41 2.13 0.29 0.64 0.81 
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